Effects of transtibial prosthetic malalignments on socket reactions by TAN CHI WEI



















































TAN CHI WEI 
Bachelors of Engineering (2
nd
 Class Upper Division) in Mechanical Engineering 















A THESIS SUBMITTED  
FOR THE DEGREE OF MASTERS OF ENGINEERING 
DIVISION OF BIOENGINEERING 





I would like to dedicate this dissertation to those who have made it possible with their 
love. I owe a lot to my parents and would like to thank them for their moral and 
financial support. To mum and dad, I say, I love you very much! This thesis is also 
dedicated to my late paternal and maternal grandmothers. I love them and still miss 
them at times. Finally,  I would also like to thank my girlfriend, Christine, for her great 
understanding, time and support when I had to spend time to work on my research 
instead of spending time with her.  
 


















The effects of transtibial prosthetic malalignments on socket responses during the 
stance phase of gait was measured in six-directions in terms of the anterior-posterior 
shear force, medial-lateral shear force, the axial force, the coronal moment, the sagittal 
moment and the axial torque.  
 
Altogether, 16 different alignment perturbations were studied based on a predefined 
reference plane of a nominally aligned prosthesis established using the traditional 
method of dynamic alignment. 2 subjects took part in the study. 
 
Analysis of results using ANOVA (one-sided) demonstrated that socket malalignments 
had very significant effects on socket reactions in the sagittal and coronal planes under 
a statistical condition that p < 0.05. The overall results for two subjects demonstrated 
that the mechanical moments in the coronal plane are most sensitive to coronal 
translation of the socket with 65 variables (out of a maximum of 80) satisfying the 
condition for statistical significance. Sagittal translational perturbations of the 
prosthetic socket also produced the strongest effects on the sagittal moments with 64 
variables. In terms of angular misalignments, the results were not as strong as 
translational ones in both the sagittal and coronal planes (59 variables).  
 
 iii 
Coronal angulations had the largest effect on medial-lateral shear forces followed by 
sagittal angulation while anterior-posterior shear forces are most sensitive to 
malalignments in the anterior-posterior plane.  
 
In the orthogonal planes, axial torques and medial-lateral shear forces were highly 
sensitive to sagittal angular perturbations. The former was supported by 51 variables 
and the latter 48 variables with p < 0.05. . From the physical sense, malalignment of 
the prosthetic socket in one plane should not affect the results in the other. This could, 
perhaps, be explained through the ―screw-home mechanism‖ of the knee joint. Thus, 
even though malalignments were carried out in one plane, three dimensional kinematic 
changes were actually taking place during amputee gait. 
 
 Among the six parameters of forces and moments studied, the axial forces were the 
least sensitive to any malalignment perturbations. 
 
When relating lower limb joint kinematics and socket reaction moments, the socket 
reaction moments in the sagittal plane could not effectively relate to the biomechanics 
of gait. This was because a differentiation of socket reaction moments plots were not 
particularly evident due to malalignments. The plots of socket reaction moments due to 
 iv 
coronal plane translational malalignment could effectively evaluate the biomechanics 
of coronal plane stability. Under all circumstances, it was not possible to determine the 
relationship between interface pressures and socket reaction moments because of a lack 
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1 Introduction, Hypotheses and Significance  
 
1.1 Concept and process of alignment of transtibial prostheses  
The alignment of transtibial prostheses can be simply defined as the positional 
relationship between the socket and the foot and is a key element to attain optimal 
rehabilitation function. 
 
The alignment process comes in three nominal stages namely: 1) bench alignment, 2) 
static alignment and finally 3) dynamic alignment.  
 
Figure 1-1: Bench alignment of a prosthesis. 
[Source: Boone, 2005] 
During the bench alignment process, the prosthetist assembles the prosthetic 
components relative to each other according to a defined reference frame. This 















Figure 1-2: The static alignment procedure. 
[Source: Ortholetter] 
Next, the amputee dons the bench aligned prosthesis and stands in an upright position 
as shown in Figure 1-2.  The prosthetist then assesses the fit of the socket (A), check 
for equal limb lengths by palpating the iliac crests for a level pelvis (B) and setting the 
prosthetic foot in a toe out fashion visually symmetrical to that of the sound side (C).    
 
 
Figure 1-3: The dynamic alignment procedure. 
[Source: Boone, 2005] 
In Figure 1-3, the last stage of the alignment process, dynamic alignment is carried out 
so as to customise the prosthesis to the unique patient. The amputee walks with the 
A B C 
 3 
prosthesis while the prosthetist observed the gait pattern. Based on the prosthetist’s 
subjective evaluation, iterations were made in concert with feedback given by the 
patient. This time-consuming procedure is repeated until both the prosthetist and the 
amputee are happy with the comfort and function the prosthesis can provide.  
 
The dynamic alignment procedure is a necessity because during static alignment, the 
patient is able to adjust himself/herself to suit the prosthesis. As such, this does not 
allow evaluation of comfort and function. 
 
1.2 Effects of transtibial prosthetic malalignment  
The alignment of a prosthesis will influence the magnitude and distribution of forces 
applied to the stump by the socket and thereby affect comfort. This is because when 
the alignment changes, the position of the ground reaction force changes. This change 
in position of the ground reaction force will alter the forces acting on the stump when 
the ground reaction force is transferred from the ground to the stump. In other words, if 
the resultant of the downward forces applied by the stump to the prosthesis and the 
opposing resultant ground reaction force were not collinear, there would be a tendency 
for the socket to rotate with respect to the stump. This tendency of the socket to rotate 
is then resisted by the soft tissue at the stump because of the intimate fit of the stump in 
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the socket. The counter forces developed by the compression of the soft tissue establish 
dynamic equilibrium and arrest the incipient motion.  
 
Hence, a comprehensive understanding of the forces and moments experienced by the 
socket during locomotion play an important role in helping the prosthetist align an 
artificial limb. This is of particular interests because the forces and moments 
experience by the socket during gait are parameters which a prosthetist cannot pick up 
based on current methodology. Moreover, socket mechanics could possibly correlate to 
the interface pressure distribution and thus bring about more in-depth understanding in 
this area of prosthetics research (See Chapter 8, Future Work).   
 
1.3 Objective  
The objective of this thesis is to investigate the effects of transtibial prosthetic 
malalignments on the three forces and three moments acting on the socket during 
locomotion. These forces and moments are termed ―socket reactions forces and 
moments‖ in short.   
Presentation of the work will include: 
 The method used to take measurement of socket reaction forces and moments. 
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 Variations of socket reactions forces and moments in the sagittal and coronal 
planes together with the corresponding ankle and knee joints 
kinematics/kinetics data. 
 Variations of socket reactions forces and moments due to orthogonal plane 
malalignments together with the corresponding ankle and knee joints 
kinematics/kinetics data.  
 Relating the socket reaction data collected to the biomechanics of transtibial 
amputee gait. 
 
1.4 Hypothesis to be tested  
 
The hypotheses to be tested are: 
1: Transtibial socket reactions forces and moments will vary significantly 
(p<0.05 at least, One-sided ANOVA) with prosthetic malalignments in both the 
saggital and coronal planes.  
 
2:  Transtibial socket reactions forces and moments will vary significantly 
(p<0.05 at least, One-sided ANOVA) with prosthetic malalignments in the 
orthogonal planes. 
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1.5 Reasons behind hypotheses 
It is hypothesized that transtibial socket reaction forces and moments will vary 
significantly with prosthetic malalignments in both the sagittal and coronal planes 
because during the traditional dynamic alignment process, the prosthetist would adjust 
the artificial limb based on his/her personal observation as well as feedback from the 
amputee. Many times, in the clinical setting, a prosthetist would dorsiflex the 
prosthetic foot so as to reduce the period of stance if he/she feels that the amputee is 
walking in an asymmetrical fashion. Likewise, the prosthetist would extend or plantar-
flex the foot to prolong the period of stance on the prosthetic side to improve symmetry. 
All these changes in alignments change the position of the ground reaction forces and 
influence the behavior of the socket as well as the kinematics and kinetics involved at 
the joints. Based on the examples of prosthetic foot flexion and extension given above, 
logically, there should be some underlying principles in the physical sense.  
 
It is also hypothesized that socket reactions forces and moments in the orthogonal 
planes can be significantly influenced by malalignments on the other plane. This 
assumption is contrary to the belief that alignment changes in, say, the sagittal plane 
will not affect the kinetics parameters in the coronal and transverse planes. Vice versa. 
Socket reactions in orthogonal planes would be influenced, somehow, when alignment 
changes are introduced to a prosthesis on any one plane. This is because of the ―screw-
 7 
home mechanism‖ of the knee-joint during the stance phase as the knee flexes and 
extends.  
 
The ―screw-home mechanism‖ is defined as the locking mechanism of the knee joint as 






                   A                                    B                                   C 
TOP VIEW (Right Lower Limb) 
Figure 1-4: Explanation of knee joint screw-home mechanism during knee extension 
[Source: http://moon.ouhsc.edu/dthompso/namics] 
 
A: During knee extension, the tibial glides anteriorly on the femur until the last 20 
degrees of knee extension.  
 
B: From the last 20 degrees of knee extension, the anterior tibial glide persists on the 
tibial’s medial condyle because its articular surface is no longer in the dimension of the 
lateral condyle.  
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2  Literature Review on Prosthesis Alignment  
 
2.1 Introduction 
As already described in Chapter One, the alignment of a prosthesis is a key element to 
optimise rehabilitation for an amputee patient.  
 
Over the years, investigations into the alignment of prostheses have helped to develop 
new instrumentations as well as foster understandings on this topic. Generally, the 
work done so far can be classified under the headings of each sub-section as illustrated 
in this chapter.  
 
 
2.2 Measurement of prosthetic alignment 
 
Zahedi et.al. (1986) from the University of Strathclyde, conducted a systematic study 
of lower-limb alignment parameters so as to gain an understanding of the factors that 
make a limb configuration acceptable to the patient and to obtain a measurement of the 
variation of this alignment that would be acceptable to the amputee. Altogether, ten 
transtibial amputee patients and ten transfemoral amputee patients were studied. As 
part of the study, three prosthetists were also involved in the alignment perturbations. 
The effects of each different prosthetist on the established range of alignment for each 
patient were significant. It was reported that an amputee can tolerate a range of several 
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alignments and that the prosthetist could not repeat any alignment configuration at will. 
In order to quantify alignment measurement, a technique which had been reported 
earlier by Berme et al. (1978) at the same university in 1978 was used. This technique 
was based on a device which consisted of a central rod with two sets of mutually 
perpendicular arms. These two sets of arms were extended to touch the inner socket 
walls such that they remained parallel to each other at the same time. This provided a 
unique axis system so as to overcome the non-uniform geometrical shape of prosthetic 
sockets. The method, however, employed an iterative technique and was time 
consuming.  
 
2.3 Alignment Instrumentation 
2.3.1 Manual Equipment 
 
 
Figure 2-1: Sander's prosthetic angular measurement device. 
 [Source: Sanders et. al. , 1990] 
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In subsequent years, instrumentations were developed to measure alignment. Sanders 
et al. (1990) developed an angular alignment measurement device for use on Berkeley 
Adjustable Limbs. The device as shown in Figure 2-1, was made up of three 
components: a frame, a pointer and a pointer post. In order to use the device, the 
Berkeley Adjustable Limb must be affixed to the wooden block supporting the socket 
so that the upper slide is in the plane of interest. An alignment reading was then 
performed by sliding the forks of the frame between the lower pair of wedges on the 
leg. The pointer was then pushed onto the pointer post. A reading would then be taken 
off the pointer position on the scale.  
 
Figure 2-2: The Ottobock's Laser Assisted Alignment Reference (L.A.S.A.R.) 
[Source: Breakley, 1998] 
 
Blumentritt (1997), from OttoBock, developed a static alignment method for transtibial 
prostheses using the individual’s load line as a reference. The individual load line was 
defined using an OttoBock alignment product called, ―L.A.S.A.R. Posture.‖  This 
system measured the vertical component of the ground reaction force acting on the 
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force plate of the platform. Thus, the patient’s weight and the location of the weight 
bearing line in static standing with both feet on the force plate can be determined 
through a laser projection system. By using this method to objectively measure the 
centre of pressure on the prosthetic foot, the weight and load lines of the patient can be 
determined. Breakey (1998) suggested that the closer these lines approximate one 
another, the more integrated would the balance of the prosthesis be with respect to the 
overall balance of the amputee.  
 
Figure 2-3: A socket alignment axis locator and measurement frame. 
[Source: Sin et. al., 1999] 
Sin et al.(1999) from the Hong Kong Polytechnic University (HKPU) developed an 
alignment jig as shown in Figure 2-3, for quantification and prescription of three 
dimensional alignment for PTB transtibial prostheses. In the above figure, the 
mechanisms for inputting 6 alignment parameters were as follows: A – for M/L tilt, B 
– for A/P tilt, C – for M/L shift, D – for A/P shift, E – for toe-out angle and F – for 
prosthesis height. This instrument provided instantaneous readings of the three 
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dimensional orientations and position of the socket with respect to the prosthetic foot. 
The inter and intra tester errors of the alignment jig in measuring prosthesis alignment 
were evaluated and demonstrated good reliability. This alignment jig was to be used 
clinically after the traditional dynamic alignment procedure to document the alignment 
parameters so that these data could be kept for future references in the form of medical 
records.  
    
Figure 2-4: The Berkeley horizontal duplication jig transferring alignment of a transtibial 
socket. 
[ Source: Boone, 2005] 
Figure 2-4 shows a commercially available jig for alignment duplication. Such a 
fixture is generally used for duplication of prosthesis alignment that was determined 




Figure 2-5: The monolimb alignment fixture for simplified alignment prediction in 
developing countries. 
[Source: Boone, 2005] 
Beck et al. (2001) developed two special devices as shown in Figure 2-5 to capture the 
skeletal alignment of a subject through the casting process and then apply a set 
transformation to the cast limb shape to automatically establish bench alignment. The 
intent here was to facilitate adequate bench alignment that would eliminate the need for 
the traditional dynamic alignment procedure.  
 
2.3.2 Automatic detection of alignment 
Sanders et. al. (1993) published a paper describing a layered perception of artificial 
neural network trained to use prosthesis force data to recognize and correct 
misalignment. The accuracy of a preliminary network was encouraging but not within 
clinical acceptance. It was suggested that a larger patient population would greatly help 
to enhance performance.   
 15 
Reed (1995) reported a neural network model to detect certain types of misalignment 
through the data obtained from an instrumented prosthetic pylon. The model was 
trained to recognize a single alignment condition thought to be optimal for a single 
subject. Prediction errors measured from the trained optimal alignment were reported 
to be 1.8mm translation in the saggital plane and 1.2mm in the coronal plane. Errors in 
angulation were reported with arbitrary units based on the alignment device used are 
not interpretable. Data analysis indicated that the moment data used as input likely 
only weakly non-linear. While the recognition of angular and translation alignment 
was encouraging, the authors pointed out the limited value of their results as the model 
was only highly trained for one subject. 
 
Boone and Zhang (2003) used Fuzzy Rule Induction to create a fuzzy logic model for 
transtibial prostheses alignment on three subjects. Fuzzy Rule Induction is a method 
for automatic creation of optimal neural networks through knowledge extraction from a 
database of related values. Their concept was to replicate and automate the decision 
making processes made by the prosthetists and amputees during the traditional 
dynamic alignment procedure. The results obtained were very promising, as reported 




Hansen et al. (2000 and 2003) pioneered the prosthetic foot roll-over shape principles. 
The concept looked into the alignment of transtibial prostheses without walking trials 
and iterations. This team from the Northwestern University, USA, provided evidence 
in their publication that in walking, the roll over shape of different prosthetic feet was 
extremely similar. They believed that with more understanding of the roll-over shape 
principle, a priori establishment of a biomechanically optimal position for a prosthetic 
foot is possible. Using this theory, the optimal prosthetic alignment could be defined as 
positioning the prosthetic foot in where the optimal roll-over shape would manifest 
because the roll-over shape is constant and thus, make alignment predictable.  
 
Boone (2005), in his Ph.D. work, reported that discrete non-linear algebraic modelling 
of alignment was possible with prediction ranging (r
2
) from 0.8998 for coronal 
translations and 0.9179 for coronal angulations to 0.8446 for saggital angulation and 
0.8498 for saggital translations. Mean absolute prediction errors of models derived 
equated to only 1.13 ۫۫ of angulations and 1.96mm of translation. Thus, his results 
demonstrated clearly that it was possible to predict the nature and magnitude of 
prosthetic malalignments from kinetic, temporal and anthropometric data.  
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Investigators have used existing technology such as the 3D Motion Capture Laboratory 
to investigate the effect of prosthetic alignment changes on the dynamic ground 
reaction forces ( Seliktar, 1979; Hannah, 1984; Mizrahi, 1986 and Zahedi, 1986). Such 
a technique had the disadvantage of collecting data for only one step on the force plate. 
Also, as the force plate required attention on one spot, it normally led to ―targeting‖ of 
the force plate by the subject. Such expensive methodologies are also not useful from a 
clinical perspective because tedious analysis of gait data would have to be carried out.  
 
Van Velzen et. al. (2006) conducted a study to investigate which systematic effects of 
prosthetic misalignment could be observed with the use of the SYBAR motion capture 
system. The alignment of the prostheses of five transtibial amputees were changed 15 
degrees in magnitude in varus, valgus, flexion, extension, endoration, exorotation, 
dorsal flexion and plantar flexion. Subjects walked over a distance of eight metres at a 
self selected walking speed with the alignment of the prosthesis as it was at the 
beginning of the experiment and with each alignment iterations. Two video cameras 
and a force plate were used to capture gait characteristics. Then, temporal, spatial 
characteristics, the magnitude and timing of the ground reaction forces and the external 
joint moments were derived from these data. Despite substantial perturbations, to 
prosthetic alignment, only a few effects were observed in the temporal and spatial 
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characteristics of gait, the magnitude and timing of the GRF and the external joint 
moment. It was concluded that the SYBAR system, like the rest of the motion capture 
systems, was not sensitive enough to be used in a clinical setting.  
 
2.4 Effects of alignment changes on socket reactions  
Parker et al. (1999) studied the effects of alignment changes on dynamic socket loads 
for transtibial patients. The starting zero position was the nominally aligned 
configuration as determined by the prosthetist through the conventional dynamic 
alignment process.  Discrete and fairly consistent shifts in the coronal moment 
waveforms during stance were observed for coronal alignment changes. Variables 
calculated to measure the shifts, such as the normalized impulses, were not found to be 
good indicators of alignment.  
 
Figure 2-6: Direct measurement of socket reactions of a transfemoral amputee. 
[Source: Frossard et. al., 2004] 
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As shown in Figure 2-6, Frossard et al. (2004) from the Queensland University of 
Technology in Australia took measurement of socket reactions of a female 
transfemoral amputee. The coordinate system of the commercial transducer was 
determined in the close-up in the same figure. The method of approach was to take 
measurement through a commercial load cell placed between the socket and the 
artificial knee joint. As can be seen, the transducer (C) was mounted to specifically 
designed adaptors (B) that were positioned between the socket (A) and the knee 
mechanism (D) to enable regular limb alignment and orientation of transducer axes 
with local anatomical axes. The transmitter of the wireless modem (G) was connected 
to the transducer by a serial cable (E) and attached to the subject by a waist pack (F). 
The subject was tasked to walk in a straight line, in a circle, descend and ascend a 
slope and stairs. 
 
Figure 2-7: Superpositioning of each socket reaction component over  62 gait cycles 
during level walking in a straight line for only one alignment. 
[Source: Frossard et. al., 2004] 
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From Figure 2-7, it could be noticed that the zones defined by circles demonstrated 
unexpected spikes which occurred around the toe-off on the curve of the force applied 
on the antero-posterior axis. It was more likely that these spikes were actually caused 
by the unlocking mechanism of the safety knee, allowing the swing phase of the 
prosthetic leg. Similar spikes also occurred at the end of the swing phases for the three 
components of the forces and moments, particularly for the moment around the antero-
posterior axis. These spikes were caused by the terminal impact of the knee when the 
shin section ended the swing phase and reached the full extension. These spikes, which, 
by occurring in the final part of the swing phase, proved the presence of impact, were 
not eliminated despite the efforts of the prosthetist.  
 
Furthermore, these results demonstrated the ability of the method proposed in the 
Frossard’s article to measure what a trained prosthetist cannot pickup during dynamic 
alignment. It could also be observed that the force applied on the long axis of the 
socket was actually slightly negative during the swing phase because of the traction 
created by the gravity acting on the mass of the prosthesis, located below the 
transducer when the prosthetic foot was off the floor.  
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Finally, it was also reported that the impulse on the three axes was similar or smaller 
than walking in a straight line for all of the activities except for around a circle on the 
long axis. The investigators stressed the significance of taking measurement of socket 
reactions directly instead of using inverse dynamics methods which are prone to errors.  
 
 
Boone (2005) investigated the effects of socket reactions from transtibial prosthesis 
malalignments. The effects were measured in terms of axial forces, saggital moments 
and coronal moments. Alignment perturbations of angulations and translations were 
induced from the baseline of a nominally aligned prosthesis as established by an 
experienced prosthetist.  
 
A self-developed Prosthesis Alignment Instrument (PAI) was used to measure and 
affect sagittal and coronal changes in angular ( ±3° and ± 6°) and translational (±5mm 
and ±10mm) alignment. An integral force transducer measured axial force, saggital 
moment and coronal moment socket reactions. A wireless data acquisition system 
transmitted 100Hz PAI socket reaction data from consecutive steps.  
 
Seventeen randomized alignment conditions were recorded with each of 11 subjects for 
a total of 187 trials. Trial indentifiers, time, total axial force, saggital socket reaction 
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moment and coronal socket reaction moment were recorded to computer files at a 
sampling rate of 100 Hz.  
 
Analysis by repeated measures of ANOVA showed that socket malalignment had very 
significant effect on socket reactions in both the saggital and coronal planes (p < 
0.0001, two sided) with a maximum coefficient of determination of 0.9261.  
 
 
2.5 Effects of alignment on transtibial amputee gait  
Zahedi et al. (1987) carried out a series of studies on alignment at the University of 
Strathclyde. In an earlier work, it was shown that there was a range of acceptable 
alignments for any one patient. Thus, one would expect that these acceptable 
alignments would have an influence on the pattern of gait. It was concluded that for an 
amputee walking with a prosthesis, a step-to-step variation in the gait parameters exists. 
This variation could be quantified and described by an envelope. The overall signal 
pattern and the size of these envelopes were directly affected by the alignment 
configurations. In other words, the alignment of a prosthesis would have a direct effect 
on the amputee’s gait pattern and that these small differences in gait pattern could only 
be detected by considering kinetic parameters. Nevertheless, in order to achieve a 
complete understanding of amputee locomotion, both kinematics and kinetics 
parameters must be considered.  
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Hannah et al. (1984) investigated the effects on gait of five below-knee amputees due 
to alignment changes. The patients were donning PTB prostheses. Three dimensional 
angular kinematic data were recorded by electrogoniometers positioned at their hips 
and knees. Indices of symmetry were developed in time and frequency domains for 
motion data of lower limbs when walking. These measures of symmetry were 
determined at different prostheses alignment settings and used to assess the possibility 
of aligning BK prostheses on the basis of symmetry of lower limb motion. Optimal or 
neutral alignment of BK prostheses tended to minimize asymmetry of gait at the hips 
and knees for persons with BK amputations. The indices of symmetry showed that 
alignment changes to the prosthetic foot disrupt gait to a greater extend than all other 
alignment perturbations. Asymmetries of hip flexion extension motions were sensitive 
to alignment changes than were other asymmetries. An index was selected to show 
sensitivity to changes in gait caused by changes in prosthetic alignment for BK 
amputations. Refinements and other applications of this index were also suggested in 
the publication.  
 
Andres and Stimmel (1990) conducted a case study to examine the effects of antero-
posterior alignment of a BK prosthesis on saggital plane gait kinematics by comparing 
the anatomical side with the prosthetic side. The greatest changes due to variations of 
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alignment were found during the prosthetic stance phase. Knee angles showed the 
greatest asymmetry between the anatomical and prosthetic sides. The stance phase on 
the prosthetic side was reduced with anterior socket displacement due to early knee 
flexion and toe-off. Posterior socket displacement caused a greater maximum centre of 
gravity height but anterior socket displacement caused greater knee flexion which 
decreased the maximum centre of gravity height. Asymmetries in temporal and other 
kinematic parameters were not always minimal at the optimal alignment subjectively 
aligned by the prosthetist. Comparisons of asymmetry ratios with prosthetic side data 
revealed the subclinical sensitivity of the amputee to the saggital plane discrepancies.  
 
Schmalz et al. (2002) studied the influence of different prosthetic alignments and 
components on oxygen consumption and the important biomechanical characteristics 
of the normal gait pattern of amputees. Fifteen transtibial and twelve transfemoral 
amputees were the subjects of the study. Their oxygen consumption during walking on 
a treadmill was analysed and biomechanical parameters during walking on even 
ground at a self-selected speed were defined. All patients had their limbs amputated 
due to trauma. Variations of the prosthetic alignment affected energy consumption of 
transfemoral amputees more than transtibial ones.  
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Fridman et al. (2003) investigated the influence of foot alignment on transtibial 
amputee gait. Different external rotation angles of the foot in transtibial prostheses 
were studied. The study tried to identify the relationship between foot angles and other 
gait parameters and the compensating pattern of the amputees to excessive external 
rotation of the foot. The prosthetic foot was externally rotated as follows: optimal 
angle (10.94°±5.21°), optimal angle plus another 18°, and optimal angle plus another 
36°. Analysis of gait was performed using an electronic walkway. Speed of gait, stance 
and swing time as well as foot angles were monitored in 4 runs for each of the three 
foot angles. The results showed that the speed of gait remained constant in all three 
tests. Stance and swing time as well as step length changed significantly when 36° was 
added to the optimal foot angle. This excessive malalignment of the prosthetic foot 
significantly influenced inter-legs time differences and symmetry between the legs. 
During ambulation, prosthetic foot external rotation was decreased by internal rotation 
of the limb at the hip joint level. Thus, BK amputees can maintain an efficient speed of 
gait even when the prosthetic foot is malaligned excessively in the transverse plane. 
Amputees were able to adapt themselves by internal rotation of the hip joint in the 
amputated limb.  
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Chow et al. (2006) examined the symmetry of gait parameters in subjects with 
unilateral transtibial amputation over a range of acceptable saggital plane translational 
and angular alignment perturbations. Further, another objective was to determine if a 
consistent alignment of highest symmetry could be found. Acceptable alignments were 
determined by bench, static and dynamic testing on level and non-level surfaces. The 
results demonstrated that some parameters showed consistently higher symmetries 
especially the ground reaction forces parameters and the stance duration, step length 
and time to full knee flexion during the swing phase. Symmetries in other parameters 
such as knee flexion at loading response, acceleration impulse and peak saggital 
propulsive force had little relationship in determining whether the gait pattern for a 
particular alignment was acceptable or not.  
  
2.6 Effects of alignment on interface pressure and stresses 
Sanders et. al. (1992) considered that the shear stresses on a residual limb in a 
prosthetic socket contribute significantly to tissue breakdown in below-knee amputees. 
When applied simultaneously with normal stresses, they can cause injury within the 
skin or can generate an abrasion on the surface. To gain insight into shear stresses and 
parameters that affect them, interface stresses were recorded on below-knee amputees 
subjects during walking trials. On the tibial flares, resultant shear ranged from 5.6 KPa 
to 39.0 KPa, while on the posterior surface it ranged from 5.0 KPa to 40.7 KPa. During 
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stance phase, anterior resultant shears on a socket were directed towards the apex while 
posterior resultant shears were directed downward approximately perpendicular to the 
ground. Waveform shapes were usually double-peaked with the first peak at 25% to 
40% into stance phase and the second peak at 65% to 85% into stance.  
 
Figure 2-8: Schematic drawing of Sander's interface stress transducer. 
[Source: Sanders and Daly, 1993] 
Sanders and Daly (1993) custom designed and developed 3-axes transducers (Figure 2-
8) for measurement of forces at the stump/socket interface. As interests were the 
stresses on each stump site, the forces obtained by each transducer at each specific sites 
were divided by the cross-sectional area of the transducer. The signal conditioning 
circuit were each housed in a box and carried on a backpack by the subject. A cable 
was extended from the backpack box to a stationary unit containing power supply and 
a data collection facility. Initial data acquisition was performed with a strip-chart 
recorder and subsequently an A/D board and a PC. The software used was QuickBasic.  
In a preliminary study, interface stress measurements were collected on three subjects 
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using PTB sockets. These custom-designed transducers were then placed at four of the 
seven locations namely: antero-medial proximal, antero-medial distal, antero-lateral 
proximal, antero-lateral distal, posterior proximal, posterior-distal and lateral distal. 
These regions were selected due to their anatomical flatness and away from bony 
prominences. The transducers were flushed to the inner area of the socket walls. The 
effects of saggital angular alignment changes on interface stresses were studied. The 
perturbations were: plantar-flexion between 5 degrees to 12 degrees, dorsi-flexion 
between 4 degrees and 8 degrees.  
 
Figure 2-9: Interface stresses for different alignments. 
[Source: Sanders et. al., 1993] 
For the results shown in Figure 2-9, peak stance phase interface stresses showed 
minimal change for different alignment settings. However, shapes of the stress 
waveforms did change.  It was concluded that the peak resultant shear stresses during 
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stance was insensitive to alignment changes. However, the resultant shear stress 
waveforms from heel strike to toe off were sensitive.  
 
Sanders et. al. (1993) also conducted a clinical measurement of normal and shear 
stresses on a transtibial stump using the same set of sensors as reported above. 
According to their description, during walking, the trends of the interface pressures 
from heel strike to toe-off showed characteristics of wave-form shapes. During the 
stance phase of gait, repeated characteristics in wave-form shapes from different 
subjects were apparent. They included loading delays, high frequency events, first 
peaks, valleys second peaks and push-off. Characteristics did not necessarily occur at 
the same time from one step to another but their timings matched well with events in 
the shank force and moment data which were collected together. For plantar flexion 
and dorsiflexion alignment changes, the above waveform characteristics were still 
present but their timings within the stance phase changed.  
 
The transducers developed by Sanders are the only transducers known to be able to 
detect pressure and shear stresses simultaneously on the interface of a residual limb 
and prosthesis socket. Subsequently, several other authors (Zhang et. al.; 1998 and Goh 
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et. al.; 2003) also adopted the same type of transducers with the same mounting 
technique.  
 
Babara et. al. (1996) conducted a review of prosthetic interface stress investigations to 
summarise previous experimental investigations and identify associated limitations. In 
addition, an overview of various computer models used to investigate the residual limb 
interface were discussed in terms of the differences and potential ramifications of the 
various modeling formulations. The potential and future applications of these 
experimental and numerical analyses in prosthetic design were presented.  
Zhang et. al. (1998) took static and dynamic measurement of pressures and biaxial 
shear stresses at the stump/socket interfaces. Five unilateral transtibial amputees were 
studied. The subjects investigated were regular users of patellar-tendon-bearing sockets. 
It was reported that the maximum peak pressure at the measured points was 320 KPa 
over the popliteal area during walking. The maximum shear stress was 61 KPa over the 
medial tibial flare. Wave-form shapes tend to vary during walking at the different 
measured points. On the influences of alignment changes on interface stresses on one 
subject, it was also reported that saggital malalignments of ±8۫  (flexion and extension) 
would produce a change in peak longitudinal shear stress of between 8% and 11.5%. 
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2.7 Effects of alignment on patients’ perspectives. 
Zahedi et. al.(1987), in his study of alignment changes, also reported that small 
differences in alignment will influence the degree of repeatability as well as the pattern 
of the actual load situations. However, this could be achieved without the amputee 




Figure 2-10: Visual Analogue Scale (VAS) for measurement of subjects' perceptions. 
[Source: Boone, 2005] 
Boone (2005) as part of his Ph.D. work took measurements of subjects’ perceptions of 
prosthetic malalignments. His objective to measure the subject’s perceptions was that 
they should directly reflect the mechanical effects of alignment on the interface with 
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the user. Measurements were undertaken by getting the subjects to answer five Visual 
Analogue Scales (VAS) questions after each trial. Each question was displayed using 
text and graphical display. The subject answered by adjusting a sliding marker on a 
computer-generated VAS as shown in the Figure 2-10.  
 
Subjects’ perceptions were analysed for Sensitivity and Specificity with regards to 
alignment perturbations and at least one of the VAS was associated significantly with 
each malalignment (Fisher’s Exact Test, p < 0.05, two-sided).  
 
2.8 Effects of alignment on relative limb loading 
Pinzur et. al. (1995) studied the effects of alignment of the prosthetic limb on the 
anatomical limb. The prosthetic sockets of fourteen patients were mounted on an 
adjustable alignment pylon. The vertical Ground Reaction Forces (GRF) were recorded 
in neutral alignment and in 10 ۫ of socket flexion, extension, abduction and adduction. 
Stance phase time, peak vertical GRFs and impulse were all found to increase on the 
sound limb in contrast to the prosthetic one. Significant differences were found in 
stance phase time and peak vertical GRF when comparing malaligned with nominally 
aligned prosthetic configurations. Significant differences were also seen in impulse 
between nominally aligned and malaligned prosthetic limbs. The results suggested that 
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prosthetic malalignment in transtibial amputees would lead to increased loading of the 






2.9 Effects of prosthetic malalignment on foot roll-over shapes 
A team from the Northwestern University in Chicago, USA, examined the roll-over 
shape alignment hypothesis, which states that prosthetic feet are aligned by matching 
their rollover shapes with an ―ideal‖ shape. This ―ideal‖ shape was considered to be the 
roll-over shape of the able-bodied foot-ankle system. An alignment algorithm and 
computational alignment system were developed to set trans-tibial alignments based on 
this hypothesis. Three prosthetic feet with considerably different roll-over shapes were 
either aligned using the alignment system or not aligned (i.e. used previous foot's 
alignment), and then were aligned by a team of prosthetists. No significant differences 
were found between roll-over shapes aligned by the computational alignment system 
and those based on standard clinical techniques (p = 0.944). Significant differences 
were found between the ―no alignment‖ shapes and the prosthetist alignment shapes (p 
= 0.006), and between the ―no alignment‖ shapes and the computational alignment 
system shapes (p = 0.024). The results of the experiment support the hypothesis that 
the goal of alignment is to match the prosthetic foot's roll-over shape, as closely as 
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possible, with an ―ideal‖ shape. The hypothesis is also supported by its ability to 
explain the results of previous studies. Using an ―ideal‖ roll-over shape or surface as a 
goal for prosthetic alignment could lead to a priori alignment, eliminating the need for 
alignment hardware in some cases. Being able to build the alignment into a prosthesis 
without special hardware could be beneficial in low-income countries and in the 
































This research work required the development of a new instrument to efficiently and 
accurately collect data of amputee gait. The development of such instrumentation was 
divided into 2 parts: (i) development and calibration of a 6–axes pylon transducer for 
measurement of socket reactions and (ii) calibration of angle transducers for 
quantification of alignment changes in the saggital and coronal planes. Alignment 
perturbations were achieved by using a Berkeley jig with both the pylon transducer and 
the inclinometers designed to reside in a modular prosthesis as shown in Figure 3-1.   
 





Coloured Plate for 
Transducer Alignment 
Berkeley jig with scale for 
translational measurement 
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3.2 Pylon transducer design and strain gauge configuration 
Before work on the pylon transducer began, previous designs were studied and 
compared. 
 
Figure 3-2: Sander's modular load cell. 
[Source: Sanders et. al., 1997] 
Figure 3-2 shows a modular load cell developed by Sanders et. al.(1997). The sensing 
unit was very thin (19mm) and light weight (0.53 kg). Twelve strain gauges were used 
and configured into six half-Wheatstone bridge circuits so as to measure forces and 
moments in six directions. The load cell material was made of titanium and consisted 
of three instrumented beams that attached an inner ring to an outer one. The lower face 
of the inner ring had been designed to connect to the prosthetic pylon while the top 
face of the outer ring was connected to a plate that was attached to the prosthetic socket. 
Hence, all loads between the pylon and socket were transferred through the three 
beams. This design was not chosen for this thesis work because aligning the strain 
gauges to the mechanics of stress and strain in such a design was tedious. Moreover, 
this design was difficult to manufacture as one piece.  
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The chosen design of the pylon transducer was actually that described by Berme in 
1976. From Figure 3-3, it could be seen that the design and manufacturing of the pylon 
transducer material was easy and straight forward. Also, a six axes pylon transducer 
could be constructed simply by placing strain gauges on the surface of the pipe and 
properly aligned to the mechanics of stress and strains.  
 
Figure 3-3: Design of the pylon transducer for the PAMD  
 [Unless otherwise stated, all units are in mm] 
The pylon transducer material was machined as one single piece. However, unlike 
Berme’s transducer, the flanges were enlarged from 51mm to 60mm. This is to 
increase the centre to centre of the threaded holes from 40mm to 50.8mm. The 
objective is to fit an Otto Bock pyramid adaptor directly. In this way, additional 
adaptors can be eliminated when mounting the pylon transducer into the prosthesis and 
thus, lowering the overall height of the transducer. This allows fitting of the transducer 
into a broader range of patients.  
 38 
 
Figure 3-4: Pylon transducer’s strain gauge positions for the PAMD 
After the manufacturing of the load cell material, strain gauges were bonded to the 
tubular structure using Cyanoacrylate adhesive manufactured by Tokyo Sokki 
Kenkyujo Co. Ltd., Japan. Altogether, ten 90 degrees rosette strain gauges, each of 120 
ohms, were used to form four full Wheatstone bridges so as to measure two shear 
forces (Fx, Fy), one axial force (Fz) and one torque (Mz). Particularly for axial force 
measurements, four 90 degrees rosettes were used in a full bridge configuration. The 
reason for this is to maximize the strain readings by reducing the overall bridge 
resistance. For example, in this case, the overall resistance across the axial force bridge 
(Fz) was halved from 120 ohms to 60 ohms. Thus, the strain readings were magnified 
 39 
by two folds. For measurements of bending moments (Mx and My), eight linear strain 
gauges were used to form two full bridges. The rosettes constitute a gauge factor of 
2.13 while the linear ones constitute a factor of 2.11. The resistance across each bridge, 
Fx, Fy, Mx, My and Mz was 120 ohms.  
 
In the same figure, it can be seen that the gauges were placed at two levels as it was not 
possible to accommodate all on a single circumference. Like Berme et. al., the bending 
moment and axial force gauges were grouped together as were those for shear and 
torque. The distance between the centre of each strain gauge to the nearest flange was 
15 mm with the thickness of the flanges at 7.5mm. 
 
Figure 3-5: Wheatstone bridges configurations for the 6-axes pylon transducer and their 
connections to a serial port. 
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As shown in Figure 3-5, the wirings of the Wheatstone bridges vary between the shear 
force channels (Fx and Fy), axial force channel (Fz), bending moment channels (Mx and 
My) and torque channel (Mz).  
 
For the shear force channels, the bridges summed the shear strains and subtract the 
torque strains. For the axial force channel, the axial strains were added up and the 
Poisson strains subtracted. As for the bending moment channels, the strain gauges on 
the same side of the periphery of the transducer were wired on opposite arms of the 
Wheatstone bridge. Lastly, the torque bridge summed the torque strains and subtracted 
the shear strains.  
 
3.3 Pylon transducer fabrication procedure 
The pylon transducer fabrication procedures in this section were designed and 
developed by the author through a series of trials and errors. Altogether, it took a year 
and a half to build the PAMD with almost a year spent on building the pylon 
transducer. Six prototypes, which failed, were produced.  This work would serve as a 
useful platform for future work as far as developing a load cell is concerned.  
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3.3.1 Marking out preparation 
       
Figure 3-6: Marking out preparation. 
Step 1: Before marking out could be carried out, the precision table surface and the 
bottom of the height gauge were cleaned. This was done to remove any particles that 
may cause inaccuracies during the marking out procedure. 
 
Figure 3-7: Roughening of transducer's surface. 
Step 2: The surface of the pylon transducer was roughened by means of a carbide paper. 
The objective was to create a surface texture suitable for strain gauge bonding. 
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3.3.2 Marking out procedure 
 
Figure 3-8: Marking out of the horizontal axis (A) and the vertical axis (B). 
Step 3: On the precision table, two markings around the transducer material were made.  
 
Figure 3-8, Stage A: The first marking was made, at 22.5mm from the precision table 
surface with one flange resting on the table as shown in A. Next, the transducer 
material was turned over and the opposite flange was then rested on the precision table 
surface. The second marking was then carried out at 22.5mm from the same reference 
plane. These lines will help to define the vertical position of the strain gauges at two 
levels on the tubular section such that the distance from each strain gauge centre to the 
nearest flange was 15mm (excluding the thickness of the flange which was 7.5mm) 
 
Figure 3-8, Stage B: A piece of octagonal adaptor was then mounted on each flange 
and the transducer material was placed in a horizontal position. Markings were then 
made from flange to flange at 45 degrees interval around the transducer’s 
circumference. This was achieved by rotating and resting each side of the octagonal 
A B 
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adaptors on the precision table surface. These markings indicate the horizontal 
positions of the strain gauges. Refer to Figure A1, Appendix A for the design of the 
octagonal marking out adaptor plates. 
 
3.3.3 Pre-bonding preparation 
 
 
Figure 3-9: Cleaning of the transducer surface. 
Step 4: The load cell material was then cleaned using a piece of cotton bud dipped in 
acetone as shown in Figure 3-9. The surface of the load cell was scrubbed via 
reciprocating strokes striking the load cell surface in a unidirectional fashion. The 
process was repeated with several pieces of cotton buds until the cleaning tip was no 





3.3.4 Bonding of strain gauges and terminals 
 
 
Figure 3-10: Bonding of strain gauges and terminals. 
Step5: Figure 3-10, Stage A: A scotch tape was stuck to the front face of the strain 
gauge so as to pick it up. Holding the scotch tape with both hands, the strain gauge was 
aligned with the markings on the load cell material. When this was done, both flaps of 
the scotch tape were stuck onto the material such that the strain gauge was in its 
desired position properly aligned. (Check: With the transducer material in the vertical 
position, the horizontal marking on the strain gauge should be collinear with the first 
markings described in Figure 3-8, Stage A. The vertical markings on the strain gauge 
should be aligned with the markings described in Figure 3-8, Stage B.) One of the flaps 
was then slowly peeled off at an acute angle. Gradually, exposing the back of the strain 
gauge, a drop of Cyanoacrylate adhesive was applied onto the back of the strain gauge. 
Finally, the flap was stuck back and a gentle finger load applied on the strain gauge for 
approximately one minute. When the strain gauge was properly bonded to the surface, 
the scotch tape was slowly peeled off from a very acute angle. 
A B 
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Figure 3-10, Stage B: A set of terminals was cut out. One set of terminals should 
consist of two metallic tabs - one besides each other. Again, just like bonding a strain 
gauge, a scotch tape was stuck on the front face of the terminals. Then, holding the 
scotch tape with both hands, the terminal was aligned below the strain gauge. When 
this was done, both flaps of the scotch tape were stuck onto the material such that the 
terminal was in its desired position. One of the flaps was then slowly peeled off. 
Gradually, exposing the back of the terminal, a drop of Cyanoacrylate adhesive was 
applied. Finally, the flap was stuck back and a gentle finger load applied on the 
terminal for approximately one minute. Finally, the scotch tape was peeled off gently 
from a very acute angle. 
 
3.3.5 Soldering of lead wires onto terminals 
Step 6: Using a tweezers, each lead wire from the strain gauge was gently aligned on 
each metallic part of the terminals. They were then soldered with a soldering 
temperature of around 250°C. The excess lead wires which were sticking out of the 
solders were cut off by means of a wire cutter. In order to check for short circuitry, a 
multi-meter was used. The reading from the multi-meter should reflect the resistance of 
the strain gauge which in this case, was 120 ohms.   
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Step 7: Next, check for improper cementing of the strain gauge onto the load cell 
material so as to avoid zero drift. This check was conducted after Step 6 and not at 
Step 5 so as to prevent pulling off the strain gauge lead wires before securing them to 
the metallic terminals. One method invented by the author to check for proper bonding 
of the strain gauge, to the pylon transducer material, would be to stick a scotch tape 
onto the surface of the strain gauge and tried to pull it out using finger force. If the 
strain gauge was to give way, a new one had to be used to replace the old one - repeat 
Step 4 onwards by cleaning the surface again.  
 
Step 8: Solder a coloured wire of about 0.3 metre to each metallic terminal. Since this 
was a six-axes transducer, altogether, there should be 56 wires of 28 different colours 
with each colour code representing one strain gauge on the transducer surface. (A 90° 
rosette is defined to have two strain gauges perpendicular to each other.) Each time 
after soldering of the wires, check for zero drift using a data logger. If a zero drift 
occurs, resolder on the joints and check again.  
 
Step 9: Finally, when all the strain gauges had been stuck, coat the pylon transducer 
surface with a layer of fast setting epoxy resin so as to prevent pulling off the 
wires/strain gauges accidentally. The epoxy resin must cover the strain gauges surfaces 
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and the soldered joints. When applying epoxy resin, take extra care. If an electrical 
wire is pulled off by accident, it will be imperative to check for zero drift after 

















3.3.6  Electrical connections for the Wheatstone bridges  
Step 10:  Now that all strain gauges had been stuck and properly aligned to the pylon 
transducer material, the Wheatstone bridges could be formed. Since this was a six-axes 
pylon transducer, each axis or channel would consist of one Wheatstone bridge. Refer 











Pin No.  
Channel 
Name 
I1 I2     1 
Fx 
I1 K2     2 
K1 K2     3 
I2 K1     4 
J1 J2     5 
Fy 
J1 L2     6 
L1 L2     7 
J2 L1     8 
H1 G1 E2 F2 9 
Fz 
E2 F2 E1  F1 10 
E1 F1 G2 H2 11 
G1 H1 H2 H2 12 
        13   
A1 C2     14 
Mx 
A1 C1     15 
C1 A2     16 
A2 C2     17 
B1 D2     18 
My 
B1 D1     19 
B2 D1     20 
B2 D2     21 
N1 N2     22 
Mz 
N1 M1     23 
M1 M2     24 
N2 M2     25 
      
Table 3-1: Electrical connection for the Wheatstone bridges. 
Since each strain gauge was represented by a colour code, pairing of strain gauges to 
form a Wheatstone bridge was made easy. It was suggested that the Wheatstone bridge 
soldering be done on the pins of the serial port. This would allow easy rectification of 
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electrical connections and minimizing damage to the transducer. In order to ensure that 
the Wheatstone bridges connections are correct, a simple check could be conducted 
using a multi-meter. For all channels except channel Fz, measurement of resistance 
within each channel between an even-even or an odd-odd numbered pin should 
produce a reading of 120 ohms. Likewise, for measurement of resistance between odd-
even pins, the reading should be 90 ohms. For channel Fz only, measurement of 
resistance between an even-even or an odd-odd numbered pin should produce a 
reading of 60 ohms. Similarly, for an odd-even numbered pin within this channel, the 
resistance should be 45 ohms. Lastly, coat the soldered portion of the serial port with 
epoxy after another round of check for zero drift. This time, conduct the check at the 
joints of the serial port using a data logger.   
 
 
Figure 3-11: The completed six-axes pylon transducer 
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Figure 3-11 shows the completed six-axes pylon transducer. A piece of black tape has 
been wrapped around the transducer surface as an additional protection for the strain 
gauges and wires.  
 
3.4 Further instrumentation development  
 
Figure 3-12: Overview of instruments required for pylon transducer calibration 
Figure 3-12 shows the overview of the instruments required for calibration of the pylon 
transducer. The uses of these instruments also took into account how the pylon 
transducer was to be used in data collection during amputee gait. For example, the 14-
metres multicore cable was to trial the amputee during locomotion. As such, it would 




Other accessories shown in the figure included an octopus adaptor as well as a data 
acquisition system from National Instruments. This data acquisition system was 
connected to a laptop when in operation.  
 
3.4.1 The DAQ system 
 
Figure 3-13: The National Instruments data acquisition system 
Figure 3-13 shows the data acquistion system used throughout the entire project. It 
consists of a chasis as well as two 4-channel, 24 bit analogue input modules  known as 
the NI 9237. Each NI 9237 has four RJ-50 ethernet receptacles that provide 
connections for four half or full bridges. In order to accommodate six channels from 




3.4.2 Developing the Octopus adaptor 
 
 
Figure 3-14: The Octopus adaptor 
The Octopus adaptor was developed to fit the NI 9237 analogue input module. It 
consists of six tentacles each of which representing a channel the pylon transducer 
reads. At the end of each tentacle, a RJ-50 ethernet adaptor was crimmed according to 
the configuration described in Figure 3-15.  
 
 
Figure 3-15: Channel signal names 
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For the application in this project, RJ-50 pin number 2, 3, 6 and 7 must be connected 
due to the use of full Wheatstone bridges. The remote sensing signals, shunt 
calibrations signals and TEDs data were optional.   
 
 
Table 3-2: Electrical connection for Octopus adaptor 
Table 3-2 shows the electrical connections between the RJ-50 pins and the serial port 
pins for the Octopus adaptor. The output of the Wheatstone bridges (see Figure 3-5) 
are defined as the input sigals to the RJ-50 pins.  Notice that serial port pin number 13 
was not used.  
 
 54 
3.4.3 Developing the 14- metres cable 
 
Figure 3-16: Connection of 14m multicore cable to pylon transducer 
Figure 3-16 demonstrates that the 14-metres multicore cable can be connected to the 
pylon transducer by means of a combination of male-female serial port adaptors. 
Typically, the 14-metres multicore cable is only an extension of the electrical 
connections in the pylon transducer. In other words, all pins (except pin number 13) on 
the serial port of the cable connecting to the transducer must be soldered with a 
coloured wire. This coloured wire must correspond to its unique serial port pin number 
on both ends of the cable. For example, if a red coloured wire is soldered to pin 
number 1 on a serial port at one end of the cable, then over at the other end of the cable, 




3.4.4 Labview programme for data acquisition 
 
 
Figure 3-17: Front panel of data acquisition programme 
 
Figure 3-18: Data acquisition block diagram 
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Figure 3-17 shows the front panel of a LabView data acquisition programme and 
Figure 3-18 shows the corresponding block diagram. This programme was used for 
pylon transducer calibration as well as data collection during amputee gait.  
 
3.5 Pylon transducer calibration and results 
This section describes the calibration techniques used in the calibration of the pylon 
transducer. At all times, the pylon transducer was always calibrated with the 14-metres 
multicore cable.  
 
3.5.1 Calibration for shear force channel (Fx/Fy) 
 
 




Figure 3-19 shows the calibration set-up for shear force channel (Fx/Fy). It included a 
calibration jig with a rectangular base (Appendix A, Figure A7) and a L-bracket 
(Appendix A, Figure A8).  As illustrated, the applied force was collinear with the 
position of the bending moment strain gauges on the surface of the pylon transducer 
orthogonal to the plane of view. This sets the moment arm to zero and thus eliminated 
bending moments during the calibration process. For example, if calibrating for Fx, the 
bending moment to eliminate would be that in the orthogonal plane, My. Likewise 
when calibrating for Fy, the bending moment to eliminate would be that in the 
orthogonal x-direction.  
 
 
Each time, the pylon transducer was loaded and unloaded in ascending load from the 
minimum calibrated load to the maximum calibrated load for four rounds of 
calibrations per channel. 
 
3.5.2  Shear force channels (Fx,Fy) pre-calibration preparation    
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Figure 3-20: Fx/Fy channel pre-calibration set up. 
Figure 3-20 shows the pre-calibration set-up for the shear force channels of Fx and Fy.  
As shown, a spirit level was placed on the top of the rectangular base of the calibration 
jig. This was to ensure that the pylon transducer was parallel to the ground.  
3.5.3 Shear force channels calibration results 
 X-Directed Shear Load Response                











Fx Fy Fz Mx My Mz
 
Figure 3-21: Calibration results for Fx channel 
 
Table 3-3: Percentage cross-interaction in Fx channel 
Loading and Unloading of Fx Channel       















 Fx Fy Fz Mx My Mz 





Figure 3-22: Loading and unloading of Fx channel 
Y-Directed Shear Load Response 












Fx Fy Fz Mx My Mz
 
Figure 3-23: Calibration results for Fy channel 
  
  Fx Fy Fz Mx My Mz 
 %CrossTalk 0% NA 1% 0% 0% -1% 
       
Table 3-4: Percentage cross-interaction in Fy channel 
  Loading and Unloading of Fy Channel    























3.5.4  Calibration for axial force (Fz) channel 
 
 
Figure 3-25: Axial force calibration set up and adaptor plates used 
Figure 3-25 shows the axial force calibration set-up. Calibration was conducted with 
the 14-metres mulitcore cable attached to the transducer. Loading was applied at one 
end of a crossbar while the other end of the crossbar was hinged. (See Appendix A, 
Figure A5 for the cross-bar design.) The transducer was positioned between the hinge 
and the load. In order to detect the actual axial load experienced by the pylon 
transducer, the summation of moments was taken to be zero at the hinge. During 
calibration, both ends of the transducer were mounted with adaptor plates - the size of 
the transducer flanges. (Refer to Appendix A, Figure A4 for the design of the adaptor 
plates.) At the bottom end of the transducer, a steel ball of diameter 12.6mm sat on top 
of a M10 nut. This steel ball was aligned to the centre of the transducer by means of a 
pocket hole drilled at the centre of the adaptor plate. At the top end of the transducer, 
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another steel ball sat in the pocket hole of the top adaptor plate. This steel ball was held 
in position by another M10 nut integrated with the cross-bar.  
 
Each time, the pylon transducer was loaded and unloaded in ascending load from the 
minimum calibrated load to the maximum calibrated load for four rounds of 
calibrations per channel. 
 
3.5.5  Axial force channel (Fz) pre-calibration preparation 
 
 
Figure 3-26: Uses of set square to align pylon transducer 
Before calibration of the axial force channel (Fz) could begin, a set square was used to 
check that the transducer was perpendicular to the cross-bar in the XZ plane. This was 
achieved by resting a set square on the table and looking out for gaps between the set 
square and the transducer flanges. Also, a spirit level was placed on top of the crossbar 





moment arm was perpendicular to the applied force. As it was possible for the pylon 
transducer to be tilted in the YZ plane, this process of checking for gaps between the 
pylon transducer and the set square must be repeated for the YZ plane.  
 
3.5.6  Axial force channel (Fz) calibration results 
Z-Directed Axial Load Response                 













Fx Fy Fz Mx My Mz
 
Figure 3-27: Calibration results for channel Fz 
Table 3-5: Percentage cross-interaction in Fz channel 
 
 Fx Fy Fz Mx My Mz 





Loading and Unloading of Fz Channel      















Figure 3-28: Loading and unloading of Fz channel 
 
3.5.7  Calibration for bending moment channels (Mx, My)  
 
Figure 3-29: Calibration of bending moment channel (Mx, My) 
The four-point bending technique was employed for the calibration of the Mx and My 
channels. (Refer to Appendix A, figure A7 for calibration jig design.) This was to 
eliminate shear forces at the section of maximum bending moment. The applied 
bending moment was calculated by multiplying the weight of the loads to the 
perpendicular distance of 0.3m.  
 
 64 
Each time, the pylon transducer was loaded and unloaded in ascending load from the 
minimum calibrated load to the maximum calibrated load for four rounds of 
calibrations per channel. 
 








Figure 3-30: Four-point bending technique and simply supported ends 
Prior to calibration of bending moment in Mx or My channel, the bending moment 
calibration jig was designed to be simply supported at both ends as can be seen from 
Figure 3-30. (Refer to Appendix A, Figure A6 for technical drawings of pins.)  
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3.5.9 Bending moment channels (Mx and My) calibration results 
 X-axis Bending Moment Response                             
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Table 3-6: Percentage cross-interaction in the Mx channel 
Loading and Unloading of Mx Channel      















Figure 3-32: Loading and unloading of Mx channel 
 
  Fx Fy Fz Mx My Mz 
% 





Y-Axis Bending Moment  Response              
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Table 3-7: Percentage cross-interaction in My channel 
 
Loading and Unloading of My Channel      













Figure 3-34: Loading and unloading of My channel 
 
  Fx Fy Fz Mx My Mz 
% 





3.5.10 Calibration for torque channel (Mz) 
 
Figure 3-35: Calibration of torque channel (Mz) 
During calibration, the pylon transducer was loaded by turning the rotating wheel 
slowly and at the same time watching out for the desired strain readings on a strain 
meter specially configured to measure the readings from an axial force aluminium ring 
load cell.  At all times, the moment arm was kept perpendicular to the axis of the 
aluminium ring load cell. This could be achieved by observing the position of the 
bubble in the spirit level.  
 
Each time, the pylon transducer was loaded and unloaded in ascending load from the 
minimum calibrated load to the maximum calibrated load for four rounds of 
calibrations per channel. 
Rotating wheel 
Aluminium ring load cell 
Strain meter for 





3.5.11 Torque channel (Mz)pre-calibration procedure 
Aluminium Ring Load Cell Reading                      
















Figure 3-36: Calibration of aluminium ring load cell 
Before setting up the pylon transducer for calibration, the aluminium ring load cell had 
to be calibrated because the output strain readings relate directly to the amount of force 
applied. The aluminium ring load cell was tailor-made. It was strain-gauge based and 
was designed with a full Wheatstone bridge configuration to measure only axial force. 
It had an outer diameter of 35.15mm and the inner diameter was 30.50mm. The Gauge 
Factor was 2.16. Readings from the aluminium ring load cell were taken using a strain-
meter shown in Figure 3-35 while outputs from the pylon transducer were measured 







Figure 3-37: Pre-calibration set-up for Mz channel 
Figure 3-37 shows the set up prior to calibration of the Mz channel. The pylon 
transducer was to be mounted between 2 calibration jigs (Appendix A, Figure A2) and 
then clamped between the jaws of the torque calibration machine as shown in closed 
up demonstrated in Figure 3-38.  
 
 
Figure 3-38: Pylon transducer mounted in a torque machine 
The aluminium ring load cell was then set in tension and the rotating wheel was used 
to align the spirit level such that it was parallel to the ground. This created the moment 










torque applied on the pylon transducer could then be calculated by multiplying the 
moment arm (0.125m) with the applied force experienced by the aluminium ring load 
cell. The dial indicator was then set to zero.  
 
3.5.11  Torque channel (Mz) calibration results 
Z-Axis Torque Response                                
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Table 3-8: Percentage cross-interaction in Mz channel 
 
  Fx Fy Fz Mx My Mz 
% 





Loading and Unloading of Mz Channel      













Figure 3-40: Loading and unloading of Mz channel 
 
 
3.6 Pylon transducer calibration matrix 
 
Tables 3-3 to 3-8 showed the cross-interaction effects of the pylon transducer. Clearly, 
there would be a small degree of errors when using the instrument. Thus, in order to 
eliminate such errors, a calibration matrix as shown in Table3-9 was used instead of 
using six individually independent constants for the transducer.  
 
 
  Fx Fy Fz Mx My Mz 
Fx -1.6E-07 -1.7E-09 1.0E-09 -7.7E-09 6.2E-10 1.0E-09 
Fy -7.12e-10 1.7E-07 2.06e-9 -1.6E-11 -7.2E-10 -1.1E-09 
Fz -8.18e-11 1.48e-9 -7.0E-08 -1.3E-10 2.3E-09 8.9E-10 
Mx 5.6E-08 2.3E-08 4.6E-08 9.6E-06 -5.2E-08 -1.5E-07 
My 3.9E-08 2.4E-07 7.0E-08 9.840E-8 9.4E-06 5.245E-7 
Mz 1.5E-07 -1.6E-07 -1.1E-07 2.01E-7 -1.35E-7 -6.5E-06 
Table 3-9: The pylon transducer calibration matrix 
The 6X6 calibration matrix as shown in Table 3-9 relate directly to the applied loads / 
moments to the measured output. The elements of the matrix were derived from the 
calibration data with the diagonal elements coming from the primary signals and the 
[C]   = 
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non-diagonal values being the cross-interaction effects. Each element in the matrix 
actually represented the gradient of the signals of each channel under loadings. In an 
ideal situation, only the primary signals should register a reading while the non-
diagonal signals should give zero outputs. In order to convert the strain outputs [S] 
from the pylon transducer to force (N) or moment (Nm), the equation below was used: 
 [P] = [C]
-1
*[S] 
Equation 1: Use of calibration matrix to determine unknown loads/moments 
     
where [C]
-1
 was the inverse matrix of [C] and [P] was the load/moments to be 
determined.  
 
3.7 Inclinometers calibration and results 
One 2-axes inclinometers were calibrated in the saggital and coronal planes using a 
single-axis manual angular jig as shown in Figure 3-41.  
 
 
Figure 3-41 : Inclinometers calibration at zero 
The manual angular jig was set in the zero position and an inclinometer was placed on 
it. The inclinometer was then set to zero.  
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3.7.1 Saggital plane inclinometer calibration and results 
 
Figure 3-42: Saggital plane inclinometer calibration 
For saggital plane calibrations of the inclinometer, the readings in the coronal plane 
were always maintained at zero while the manual angular jig was adjusted to different 
slopes in the orthogonal plane. The readings from the display panel were then 
compared with the markings on the manual angular jig.  
 

































Figure 3-43: Inclinometer saggital plane calibration results 
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3.7.2  Coronal plane inclinometer calibration 
 
Figure 3-44: Coronal plane inclinometer calibration 
For coronal plane calibration, the inclinometer was rotated orthogonally and the 
readings in the coronal plane were taken from the display panel while the readings in 
the saggital plane were always maintained at zero. Again, the readings from the display 
panel were compared with the markings on the manual angular jig for different slopes.  
 

































Figure 3-45: Inclinometer coronal plane calibration results 
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3.8 Coordinate system used in this thesis 
 
 
Figure 3-46: Schematic of coordinate system 
The coordinate system of the PAMD obeyed the coordinate system used in the Vicon 
3D Motion Capture System. This is shown above in Figure 3-46. Typically, this is an 
application of the right-hand rule in engineering mechanics. Regardless of the 
amputated side of the subjects in this study, the coordinate system does not change. For 
example, in Figure 3-46, Y is positive laterally. When applied to a right transtibial 
patient (Subject 2), Y would be positive medially while X remains positive in the 

















Sagittal Plane Coronal Plane 
Vicon coordinate system 
Direction of progression 
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The data collection method employed in this thesis were very much similar to those 
used by previous investigators of socket forces and moments (Frossard, 2003 ; Boone, 
2005) with the exception that the amputee had to doff his prosthesis so that socket 
perturbations could be made. These socket forces and moments were collected for 6 
directions using the PAMD. Simultaneously, the Vicon 3D motion capture system was 




Two transtibial amputee subjects participated in the study. These subjects were 
identified and selected by a senior prosthetist with ten years of experiences. He based 
his selection on the following criteria: the subject must have been using a modular 
prosthesis for at least 1 year, bilateral normal range of motion, ability to walk without 
aids at extended length of time and good residual limb conditions. Both subjects wore 
transtibial prostheses, with SACH feet attachment, fabricated by the same prosthetist. 
None complained about having phantom limb pain.  
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Subject 1 had his left limb amputated in the year 2001 and has been wearing a 
prosthesis since then. This subject was a victim of soft tissue infection.  During the 
study, he wore a Silipos 3 ply ultra cushion gel liner (size 2) together with a woollen 
sports socks and one tubigrip. The reason for these was comfort.  
 
As for Subject 2, he had his right limb amputated two years prior and has been an 
active prosthesis user for the past year and a half. The reasons behind his amputation 
were diabetes and gangrene. During the experiment, he wore a Silipos 3 ply ultra 


















1 M 88 1.8 17 Left 25 2.3 
2 M 71 1.82 15 Right 28 2.3 
Table 4-1: Amputee patients’ attributes 
 
Table 4-1 shows additional data with regards to the subjects. The measurements of the 
respective stump lengths and determination of the foot lengths were conducted by the 
prosthetist involved in the project. It was by sheer luck that the weights of the 
experimental prostheses were the same. For each subject, the configuration of the 






Figure 4-1: Instrumentation for data collection 
 
Figure 4-1 shows a triggering mechanism added to the PAMD for amputee gait data 
collection. This triggering mechanism was to work with an 8-channel, 12-bit voltage 
analog input module (NI 9201). The objective of having a trigger was to create a 
voltage impulse, when activated, so as to provide a relevant segment of data to be 
analysed. This entire set of instrumentation was then used in conjunction with the 
Vicon 3D Motion Capture System so as to synchronize data between the force plate 
and the readings from the pylon transducer.  
Triggering Mechanism 
NI 9201 Voltage Analog Input Module 
Connect to Vicon 
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Figure 4-2: The triggering mechanism 
In contrast to previous investigations, subjects in this study did not have to put on a 
waist pouch or a backpack which could hinder the natural gait of the patients. During 
locomotion, a helper would hold the 14-metre cable off the floor as the patient walked. 
This helper did not have to follow the patient closely and thus was not a distraction to 










4.2.3 Pre-investigation Protocol  
 
 
Figure 4-3: Flow-chart of pre-investigation protocol  
Figure 4-3 shows the protocol taken from the time a patient is identified and selected to 
the time the patient stepped into the research lab for the study.  The time taken was 
subjected to the availability of the prosthetist as well as the patients. Delays to the 
investigation were inevitable and common because of a shortage of prosthetists at the 





4.2.4 Experimental protocol 
 
Figure 4-4: Investigation of socket reactions during amputee gait, Subject 2 
Figure 4-4 shows the experimental study of socket reactions forces and moments 
during amputee gait. The experimental protocol employed followed closely what 
Frossard and Boone had described.  For each amputee subject, the reference point of 
alignment was that of a dynamically aligned prosthesis by the traditional method of 
trial and error as described in Chapter One. From this reference point or nominally 
aligned configuration, perturbations were induced randomly and the socket reactions 
forces and moments data were recorded. After a malalignment had been studied, the 
subject would have to doff his prosthesis in order for the prosthetist to make 
adjustment to the socket.  Else, the prosthetist would be in an awkward position to 
perform and quantify malalignments. Each time, data was only collected when the 
subject walked from right to left across the gait lab at his natural gait. The subjects 
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were expected to walk 3 times across the gait lab for each alignment perturbations with 
a break between alignment changes. Altogether, there were 17 different alignment 
configurations of the prosthesis (including nominal alignment) in two planes and a 
total of 51 walking trials. It took approximately 4 hours (inclusive break times) on 
average to complete the investigation for each subject. Joint kinematics and kinetics 
data as well as trajectories for the pylon transducer was collected at 50 Hz using the 
Vicon system. The latter was possible because a reflective marker had been placed on 
the lateral aspect of the pylon transducer. Socket forces and moments data was 
collected at 100 Hz using the PAMD. Table 4-2 shows the alignment perturbations 
tested and Figure 4-5 shows the step-by-step execution of the experimental protocol.  
 
Types of perturbations Description  
Nominally alignment  
Condition after prosthesis has been dynamically aligned to 
the prosthetist and patient satisfaction.  
Coronal Angular  Socket Abduction: 3°, 6°/ Socket Adduction: 3°, 6° 
Coronal Translational 
Socket Medial Translation: 5mm, 10mm /Socket Lateral 
Translation: 5mm, 10mm 
Saggital Angular  Socket Flexion: 3°, 6°/Socket Extension: 3°, 6° 
Saggital Translational 
Socket Forward Translation: 5mm, 10mm / Socket 
Backward Translation: 5mm, 10mm 









4.2.5 Sample multiple steps socket reactions  
 
Figure 4-6: Multiple steps socket reaction forces across the gait lab (Nominal alignment) 
Figure 4-6 shows sample plots of socket reaction forces from the PAMD for 5 steps 
across the gait laboratory at the reference alignment established by the prosthetist. On 
the left side of the figure, the axial force was approximately 300N when the amputee 
was standing at the start line awaiting instructions to walk. Heel strike (H.S.) was 
quantified when the axial force reading exceeded a threshold of 5 N while toe off 
(T.O.) was determined when the axial force threshold fell below 5N. As can be seen in 
the figure, during prosthetic swing phase, the PAMD was not loaded. In this study, 
only data from the third step were studied.  
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Figure 4-7: Socket reaction forces for a typical step 
 
Figure 4-7 shows the plots of socket reaction forces for a typical step. The data shown 
here are the averages of 3 trials for a nominally aligned configuration.  
 
 
Figure 4-8: Multiple steps socket reaction moments across the gait lab (Nominal alignment) 
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Figure 4-8 shows sample plots of socket reaction moments for 5 steps across the gait 
laboratory. These data were collected simultaneously with the socket reaction forces 
shown in Figure 4-6.  
 
 
Figure 4-9: Socket reaction moments for a typical step 
Figure 4-9 shows the plots of socket reaction moments for a typical step. The data 
shown here correspond to those shown in Figure 4-7 because they were collected at the 







4.2.6 Validation of PAMD socket moments  
 
Figure 4-10: Validation of PAMD socket moments with previous results 
Figure 4-10 shows a comparison of socket reaction moments in the sagittal plane 
between data collected for this thesis (blue) and data collected by an earlier 
investigation (red). As can be observed, there is a small difference of a few Newton 
meters between these two sets of data. This could be attributed to the inertial properties 
of the equipment used as well as differences among subjects. The data were obtained 
by mapping and aligning each other through fitting of scales. Hence, no alteration to 
any data took place.  
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4.2.7 Data Processing 
 
Figure 4-11: Labview programme for data processing. Front panel view 
 
 
Figure 4-12: Data processing block diagram 
Figure 4-11 shows the front panel view of the data processing programme written in 
Labview.  The ―Real Matrix A‖ is the pylon transducer calibration matrix in Table 3-9.  
Figure 4-12 shows the block diagram layout for Figure 4-11. 
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5 Analyses of Results 
 
5.1 Introduction 
The main aim of this research was to provide a comprehensive biomechanical 
description of socket forces and moments during amputee gait as well as to determine 
if there were significant changes to these socket kinetics with alignment perturbations. 
The novelty of this work addresses a limitation in current publications of similar 
studies (Frossard, 2004; Boone 2005). This was achieved by including the joint 
kinematics data collected simultaneously with the relevant socket loads. The intention 
was to provide an explanation and understanding of the socket kinetics collected.  
 
5.2 Effects of sagittal plane malalignments on sagittal plane socket reactions 
5.2.1 Review of hypothesis 
Transtibial socket reactions forces and moments will vary significantly (p<0.05, One-
sided ANOVA) with prosthetic malalignments in both the sagittal and coronal planes.  
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5.2.2 Results of socket reactions AP shear force (Fx) 
 
Figure 5-1:  Socket reaction AP shear force (Fx) due to sagittal plane angulations, Subject 1 
 
 






Figure 5-3: Socket reaction AP shear force (Fx) due to sagittal plane angulations, Subject 2 
 
 
Figure 5-4: Socket reaction AP shear force (Fx) due to sagittal plane translations, Subject 2 
 
Figures 5-1, 5-2, 5-3 and 5-4 show the plots for socket reaction anterior-posterior shear 
forces (Fx) for both subjects.  Similarities and differences of trends can be observed. 
For the former, all subjects experienced an anteriorly directed socket reaction shear 




forces reversed in direction at about 50% of stance while for subject 2 the socket 
reaction AP shear force reversed in direction between 30% to 40% of stance phase. 
The magnitudes of these forces vary and that no particular patterns in which the trends 




Anterior-Posterior Shear Force (Fx) 
Subject 1 






















0-10% 8.96E-01 8.54E-01 4.81E-01 2.78E-01 
11-20% 3.63E-02 2.84E-02 1.74E-01 3.93E-02 
21-30% 8.06E-01 3.20E-06 1.23E-09 3.47E-03 
31-40% 1.10E-03 3.07E-02 7.18E-04 2.13E-04 
41-50% 5.94E-04 4.30E-04 2.63E-01 1.29E-03 
51-60% 4.13E-07 7.83E-10 2.36E-02 2.06E-02 
61-70% 6.62E-01 9.40E-02 1.72E-03 3.29E-01 
71-80% 1.31E-02 4.15E-02 5.32E-03 3.10E-03 
81-90% 3.68E-11 5.28E-12 9.52E-08 1.38E-05 
91-100% 1.49E-01 3.30E-01 4.93E-01 6.76E-01 
Total Variables 
p<0.05 
6 6 6 7 
Table 5-1: Summary of statistical analyses of socket AP shear force due to sagittal angular 















Anterior-Posterior Shear Force (Fx), 
Subject 2 






















0-10% 2.43E-01 9.95E-01 2.23E-01 5.38E-01 
11-20% 1.25E-03 1.73E-02 4.96E-01 2.33E-01 
21-30% 1.61E-08 2.18E-09 3.99E-07 3.20E-07 
31-40% 2.57E-01 7.87E-09 5.12E-10 1.94E-04 
41-50% 2.18E-04 9.12E-02 6.82E-02 5.79E-01 
51-60% 2.62E-05 4.56E-01 3.14E-02 5.70E-03 
61-70% 1.68E-04 5.64E-02 1.88E-01 8.84E-03 
71-80% 1.15E-03 1.05E-04 7.25E-01 4.83E-02 
81-90% 5.96E-03 1.29E-02 1.65E-01 5.95E-01 
91-100% 4.04E-01 4.65E-01 5.33E-01 7.31E-01 
Total Variables 
0.001<p<0.05 
7 4 3 5 
Table 5-2: Summary of statistical analyses of socket AP shear force due to sagittal angular 




Anterior-Posterior Shear Force (Fx), 
Subject 1 






















0-10% 8.43E-01 3.22E-01 9.50E-01 1.65E-01 
11-20% 2.18E-02 2.34E-04 2.41E-01 1.18E-03 
21-30% 9.72E-11 2.66E-11 1.56E-04 3.75E-11 
31-40% 1.52E-02 3.68E-01 1.89E-03 6.02E-01 
41-50% 2.71E-01 8.01E-01 3.06E-02 1.03E-02 
51-60% 9.47E-01 4.19E-01 1.49E-03 1.14E-02 
61-70% 1.49E-01 5.66E-01 6.41E-01 5.84E-01 
71-80% 2.31E-01 4.49E-01 1.27E-01 1.24E-02 
81-90% 6.73E-05 5.78E-04 4.20E-07 3.53E-09 
91-100% 8.23E-01 8.12E-01 7.53E-01 6.63E-01 
Total Variables 
p<0.05 
4 3 5 6 
Table 5-3: Summary of statistical analyses of socket AP shear force due to sagittal translational 





Anterior-Posterior Shear Force (Fx), 
Subject 2 


















0-10% 5.14E-02 4.44E-02 4.06E-01 1.29E-01 
11-20% 2.41E-04 3.92E-02 4.74E-01 9.93E-02 
21-30% 5.56E-06 4.46E-01 2.24E-01 1.05E-04 
31-40% 1.64E-11 2.40E-14 1.62E-04 8.66E-03 
41-50% 2.85E-04 4.15E-05 1.14E-01 3.43E-04 
51-60% 1.85E-04 3.49E-04 2.26E-04 4.65E-06 
61-70% 5.04E-03 9.45E-03 1.75E-04 6.90E-06 
71-80% 8.93E-03 6.82E-01 4.35E-04 3.13E-03 
81-90% 6.02E-03 6.67E-01 9.95E-01 7.61E-02 
91-100% 8.89E-01 9.46E-01 7.65E-01 5.65E-01 
Total Variables 
0.001<p<0.05 
8 6 4 6 
Table 5-4: Summary of statistical analyses of socket AP shear force due to sagittal translational 
changes – Subject 2 
Table 5-1, 5-2, 5-3 and 5-4 show the results for the analyses of variances of the AP 
shear forces (Fx), due to sagittal plane malalignments, using ANOVA (single-sided). 
In the rows, the period of stance phase has been divided into 10 subdivisions so that 
data was analysed at each of these subdivisions. In the columns, data is presented with 
respect to the alignment perturbations induced. When the condition p<0.05 is satisfied, 
the respective box is highlighted in yellow. This means that socket reaction forces 
variations between malaligned cases and nominal configurations are significant.  
 
For subject 1, the number of variables deemed to be significant to sagittal angular 
alignment changes is larger than the number of variables significant to sagittal 
translational changes. However, for Subject 2, the opposite tends to occur.  
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In inter-malalignment comparison, the total number of variables (whereby p < 0.05) for 
sagittal angulation perturbations is 44 (out of 80) while that for sagittal translational 
malalignments is 42 (out of 80). Hence, based solely on data from these 2 subjects, it 
can be determined that anterior-posterior shear force (Fx) is slightly more sensitive 
towards sagittal plane angulations than sagittal plane translational prosthetic changes.   
 
5.2.3  Results of socket reactions axial force (Fz) 
 
Figure 5-5: Socket reaction axial force (Fz) due to sagittal plane angulations, Subject 1 
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Figure 5-6: Socket reaction axial force (Fz) due to sagittal plane translations, Subject 1 
 
 




Figure 5-8: Socket reaction axial force (Fz) due to saggital plane translations, Subject 2 
 
Figure 5-5, 5-6, 5-7 and 5-8 show the plots for socket reaction axial forces (Fz) for 
both subjects.  As shown, the patterns to which how the plots would vary due to 
alignment changes are not clear. By intra-subject comparison, it seems that more 
variations in socket axial forces tend to occur due to sagittal plane angular 
malalignments then sagittal plane translational malalignment particularly from the 10
th
 
percentile to approximately the 90
th
 percentile of stance phase. This observation is 
































0-10% 9.17E-01 8.00E-01 5.62E-01 6.15E-01 
11-20% 4.62E-07 8.52E-01 1.27E-04 8.85E-01 
21-30% 6.49E-06 1.29E-03 6.70E-02 1.41E-04 
31-40% 1.71E-01 1.67E-03 2.84E-03 6.72E-05 
41-50% 1.05E-03 6.81E-03 4.50E-01 1.14E-02 
51-60% 1.48E-08 2.24E-10 1.27E-13 1.27E-02 
61-70% 1.21E-03 4.39E-01 2.20E-01 3.79E-04 
71-80% 7.70E-09 1.62E-10 5.42E-05 4.67E-01 
81-90% 9.01E-01 8.50E-01 4.72E-01 3.57E-01 
91-100% 9.71E-01 9.67E-01 3.65E-01 3.79E-01 
Total Variables 
p<0.05 
4 5 4 5 
Table 5-5: Summary of statistical analyses of socket reaction axial force (Fz) due to sagittal 




























0-10% 8.61E-01 8.40E-01 6.95E-01 9.15E-01 
11-20% 2.98E-01 4.71E-01 1.26E-01 1.56E-01 
21-30% 4.57E-05 8.27E-04 1.49E-03 3.60E-04 
31-40% 3.28E-01 4.11E-01 1.72E-01 4.24E-02 
41-50% 8.33E-01 2.47E-01 1.68E-02 2.88E-04 
51-60% 1.58E-06 4.57E-05 8.73E-01 5.55E-01 
61-70% 6.52E-08 2.41E-12 7.47E-07 1.36E-10 
71-80% 2.77E-01 9.92E-02 7.38E-02 1.71E-03 
81-90% 7.84E-01 9.39E-01 7.78E-01 9.42E-01 




3 3 3 5 
Table 5-6: Summary of statistical analyses of socket reaction axial force (Fz) due to sagittal 




Axial Force (Fz) 
Subject 1 






















0-10% 8.86E-01 9.35E-01 5.68E-01 4.05E-01 
11-20% 1.08E-06 1.21E-03 5.43E-01 2.23E-02 
21-30% 1.68E-02 1.43E-01 2.30E-03 7.00E-04 
31-40% 6.07E-01 2.48E-02 2.19E-01 3.20E-02 
41-50% 6.80E-01 2.70E-01 8.28E-02 3.30E-02 
51-60% 1.15E-04 5.68E-07 1.83E-11 1.67E-05 
61-70% 2.33E-01 4.19E-01 4.24E-01 5.76E-02 
71-80% 4.59E-02 5.83E-01 4.91E-01 1.40E-01 
81-90% 8.46E-01 9.56E-01 5.34E-01 3.75E-01 




4 3 2 5 
Table 5-7: Summary of statistical analyses of socket reaction axial force (Fz) due to sagittal 
translational changes - Subject 1 
 
 




















0-10% 9.90E-01 9.81E-01 6.22E-01 5.55E-01 
11-20% 9.51E-01 3.51E-01 1.77E-01 5.95E-01 
21-30% 6.81E-01 1.23E-02 2.22E-01 1.73E-04 
31-40% 4.09E-01 6.03E-01 5.23E-01 8.13E-01 
41-50% 1.49E-02 5.49E-02 1.47E-03 3.95E-01 
51-60% 7.79E-04 5.56E-03 3.95E-02 5.10E-03 
61-70% 3.62E-09 1.96E-09 1.03E-06 7.15E-07 
71-80% 8.45E-02 1.07E-02 3.74E-02 1.60E-01 
81-90% 6.02E-01 8.01E-01 3.70E-01 8.77E-01 
91-100% 9.23E-01 7.12E-01 6.13E-01 8.11E-01 
Total Variables 
p<0.05 
3 4 4 3 
Table 5-8: Summary of statistical analyses of socket reaction axial force (Fz) due to sagittal 
translation changes – Subject 2 
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Tables 5-5, 5-6, 5-7 and 5-8 show the statistical analyses of socket reaction axial forces 
due to sagittal plane malalignments.  
 
In intra-subjects comparison, sagittal plane angular perturbations tend to create a larger 
impact on the socket reaction axial forces compare to sagittal plane translation changes 
- Subject 1 only. For Subject 2, the effects of angular and translational perturbations on 
socket reaction axial forces were similar. At least, these were based on the number of 
variables that satisfied the condition for malaligned socket reactions to be significantly 
different from the reference case (p < 0.05). 
 
In comparing the effects of sagittal plane angulations with that of sagittal plane 
translations, the former yielded 32 variables (out of 80) with p < 0.05 while the later 
produced 28 variables (out of 80) for similar condition. Thus, based on the results of 
these 2 subjects, it can be determined that socket reaction axial force is more sensitive 
to sagittal plane angular misalignments than sagittal plane translational malalignments.  
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5.2.4  Results of socket reactions sagittal moment (My) 
 
Figure 5-9: Socket reaction sagittal moment (My) due to sagittal plane angulations, Subject 1 
 
 




Figure 5-11: Socket reaction sagittal moment (My) due to sagittal plane angulations, Subject 2 
 
 
Figure 5-12: Socket reaction sagittal moment (My) due to sagittal plane translations, Subject 2 
 
Figures 5-9 and 5-11 show the plots of sagittal moments (My) due to sagittal angular 
malalignments for both subjects. Comparing these plots with those from Figures 5-5 to 
5-8, it can be seen that socket reactions sagittal moments (My) tend to follow a trend 
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particularly when sagittal plane socket angular alignment perturbations were induced. 
This trend is extremely obviously between the 40
th
 percentile and the 60
th
 percentile of 
stance phase.  For example, prosthetic socket flexions tend to shift the plots towards 
the right while prosthetic socket extensions tend to move the plots towards the left. In 
other words, as the plots shift to the right, the resistive socket reaction moment is 
reduced. The higher the degree of socket flexion, the lower is the socket resistive 
moment (My) and vice versa.  
 
Such trends provided a degree of significance from the clinical perspectives.  During 
the traditional dynamic alignment process, the prosthetist may dorsi-flex the foot (or 
flex the socket) to reduce the period of stance phase. Likewise, in order to increase the 
period of stance so as to produce a symmetrical gait pattern, the prosthetist may 
plantar-flex the foot (or extends the socket).  
 
In terms of sagittal translational malalignments (Figures 5-10 and 5-12), it seems that 
variations of socket reaction flexion/extension moments (My) tend to be smaller and 

































0-10% 7.15E-10 8.12E-08 4.56E-08 4.50E-08 
11-20% 4.55E-20 3.90E-19 1.34E-19 1.27E-19 
21-30% 1.14E-32 6.28E-27 3.10E-29 5.64E-29 
31-40% 3.33E-24 2.74E-18 1.29E-18 5.03E-18 
41-50% 6.58E-15 6.30E-06 1.36E-05 1.31E-04 
51-60% 4.21E-14 7.59E-05 2.64E-08 1.76E-09 
61-70% 1.56E-02 5.83E-11 4.79E-14 1.57E-15 
71-80% 1.64E-11 6.19E-18 3.60E-20 1.09E-19 
81-90% 6.25E-25 7.17E-23 1.43E-20 1.57E-21 




10 10 10 10 
Table 5-9: Summary of statistical analyses of socket reaction sagittal moment (My) due to sagittal 
angulation perturbations – Subject 1 
 
 
























0-10% 4.54E-01 4.18E-01 7.87E-01 6.85E-01 
11-20% 3.43E-01 7.29E-03 3.87E-03 1.45E-04 
21-30% 3.33E-04 6.72E-06 3.40E-01 9.05E-05 
31-40% 2.50E-06 2.18E-12 2.61E-01 7.21E-07 
41-50% 2.15E-05 9.10E-11 1.31E-01 5.91E-06 
51-60% 7.24E-06 5.17E-10 2.62E-01 4.06E-03 
61-70% 6.85E-07 9.22E-10 3.96E-01 5.91E-05 
71-80% 3.77E-02 9.83E-05 2.86E-01 1.11E-03 
81-90% 5.14E-01 8.01E-01 5.38E-01 8.43E-01 




6 7 1 7 
Table 5-10: Summmary of statistical analyses of socket reaction sagittal moment (My) due to 




Sagittal Moment (My) 
Subject 1 






















0-10% 5.96E-08 6.90E-08 1.32E-07 9.88E-08 
11-20% 2.39E-19 1.47E-19 4.00E-19 4.67E-19 
21-30% 1.76E-27 1.62E-29 9.37E-24 3.80E-27 
31-40% 7.62E-19 1.80E-19 2.49E-18 3.62E-18 
41-50% 1.16E-06 2.49E-07 4.64E-06 8.08E-06 
51-60% 1.72E-06 1.76E-05 1.81E-06 2.15E-06 
61-70% 2.78E-13 6.35E-13 7.24E-13 6.04E-13 
71-80% 6.52E-20 1.19E-19 1.04E-19 1.02E-19 
81-90% 1.41E-20 5.77E-22 1.48E-20 1.56E-20 




10 10 10 10 
Table 5-11: Summary of statistical analyses of socket reaction sagittal moment (My) due to sagittal 
























0-10% 5.22E-01 8.12E-01 5.58E-01 5.76E-02 
11-20% 3.35E-01 7.26E-08 3.09E-01 1.93E-06 
21-30% 6.39E-04 2.93E-05 1.98E-02 1.24E-01 
31-40% 1.44E-07 6.81E-07 2.18E-05 7.06E-04 
41-50% 2.04E-07 4.19E-06 1.16E-04 7.54E-03 
51-60% 1.75E-07 1.29E-06 4.33E-04 1.04E-02 
61-70% 1.94E-09 4.36E-11 1.52E-06 1.88E-02 
71-80% 1.20E-06 4.99E-08 1.40E-03 2.74E-01 
81-90% 2.82E-01 5.40E-01 4.36E-01 3.76E-01 
91-100% 8.11E-01 5.60E-01 9.55E-01 3.53E-01 
Total Variables 
p<0.05 
6 7 6 5 
Table 5-12: Summary of statistical analyses of socket reaction sagittal moment (My) due to sagittal 
translational perturbations - Subject 2 
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Tables 5-9 and 5-10 show the statistical results of sagittal moments due to sagittal 
plane angulations for subject 1 and subject 2 respectively. Clearly, socket reaction 
sagittal moments (My) were very sensitive to sagittal plane angular malalignments for 
Subject 1. Except for socket flexion at 3 degrees (at 61%-70% of stance phase), all 
variables highlighted that the malaligned cases in contrast to the nominal alignment 
produced a significance level of p < 0.05. As for Subject 2, there was no repeat of a 
similar statistical significance. This contraction in results could possibly be due to the 
unique way each patient compensated for the changes in prosthetic alignment.  
 
Tables 5-11 and 5-12 show the statistical significance of prosthetic translational 
malalignments on the sagittal moments (My) of Subject 1 and Subject 2 respectively.  
 
Again, for Subject 1, all malalignments of the socket at different variables of stance 
produce a statistical significance of p < 0.05. Subject 2 demonstrated a slightly higher 
level of sensitivity for this malalignment in comparison to the angular perturbations of 
the socket.  
 
Altogether, there were 61 variables (out of 80) which showed that sagittal moment 
(My) due to sagittal angulations varied significantly (p<0.05). For sagittal translational 
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results, there were 64 variables (out of 80) that demonstrated a similar statistical 
significance. Thus, it can be determined from the results of these 2 subjects that sagittal 
moment (My) is more sensitive to sagittal translational malalignments than sagittal 
angular changes. This result agrees with that of Boone (2005).  
 
From a statistical point of view, socket reaction AP shear force (Fx) and axial forces 
(Fz) are more sensitive to sagittal plane socket angulation perturbations compare to 
socket sagittal plane translational changes. Socket reaction flexion/extension moment 
(My), on the other hand, exhibited higher sensitivity towards sagittal plane translational 
changes.  For subject 1, the effects of sagittal plane angular malalignments is more 
significant on the socket reaction AP shear force and axial force while being neutral on 
the flexion/extension moment. For subject 2, sagittal plane translational malalignments 
would likely have a larger impact on socket reaction AP shear force and socket 
reaction flexion/extension moment. Socket reaction axial force seems to be neutral 
towards angular and translational changes in this case.  
 
When a prosthesis is malaligned, the position of the ground reaction force changes and 
hence alters the forces acting on the stump when the ground reaction force is 
transferred from the ground to the stump. As a result, the resultant of the downward 
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forces applied by the stump to the prosthesis and the opposing resultant ground 
reaction force would not be collinear. When this happens, there would be a turning 
effect of the socket with respect to the stump. In order to further understanding the 
biomechanical meaning behind the turning effect of the socket, analyses of socket 





















 Figure 5-13: SUBJECT 1, (A) Sagittal plane socket reaction moments due to sagittal plane socket 
angular perturbations; (B) Corresponding prosthetic side hip joint angles due to socket 
malalignment; (C) Corresponding prosthetic side knee joint angles for socket malalignment ; (D) 





Figure 5-14:  SUBJECT 2, (A) Sagittal plane socket reaction moments due to sagittal plane socket 
angular perturbations ; (B) Corresponding prosthetic side hip joint angles due to socket 
malalignment; (C) Corresponding prosthetic side knee joint angles due to socket malalignment; 
(D) Corresponding prosthetic side ankle joint angles due to socket malalignment. 
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Figure 5-15: Biomechanics of Anterior-Posterior stability (Heel Strike) 
The gait of transtibial amputees very much resembles that of able-bodied subjects 
provided that proper biomechanical principles are achieved. Figure 5-15(A) describes 
this biomechanical principle in terms of stability in the anterior-posterior plane.  
 
At heel strike, the ground reaction force is in front of the knee joint causing a knee 
extension moment. This produces a tendency for the socket to change its angular 
relationship with the stump. Such a tendency for the socket to rotate is resisted by the 
counter forces that are developed at the soft tissue as the socket increases its pressure 
on the anterior-proximal and posterior-distal aspects of the stump. Hence, this created 
an interface pressure distribution profile as anticipated by Radcliffe (Figure 5-15B). 
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The hamstrings prevent the hyper-extension of the knee with more momentary stability 
provided by hip extension.  
 
Relating the theory of Radcliffe to experimental results obtained, according to Figure 
5-13(A), the magnitude of socket reaction extension moment for a nominally aligned 
prosthesis for Subject 1 was 6.5Nm at heel strike. When the prosthesis was malaligned 
by flexing the socket at 3 degrees and 6 degrees, the socket reaction extension moment 
increased to 9.08 Nm and 8.77 Nm respectively for the same determinant of gait. 
However, when the socket was extended by 3 degrees and 6 degrees from the nominal 
configuration, at the same instance of gait, the socket reaction extension moment 
became 8.85Nm and 8.53 Nm respectively. It was anticipated that such changes in 
magnitudes of socket reaction extension moments could possibly lead to higher 
pressures at the patellar tendon and the posterior-distal areas of the stump. This is 
because when the socket reaction extension moment increases, the corresponding 
counter forces from the soft tissue would have to increase as well so as to prevent 
rotation of the socket. This could lead to discomfort.  
 
The magnitudes of experimental socket reaction extension moments, due to 
malalignments of the socket, obtained from Subject 2 contradicted those obtained from 
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Subject 1. At heel contact, the socket reaction extension moment was 3.86 Nm when 
the socket was nominally aligned. However, when the socket was flexed 3 degrees, the 
socket reaction extension moment decreased to 3.67 Nm. A further socket flexion of 3 
degrees decreased the socket reaction extension moment further down to 2.68 Nm. For 
socket extension of 3 degrees and 6 degrees, the socket reaction extension moment was 
3.75Nm and 4.03 Nm respectively.  Biomechanically, it was anticipated that when the 
socket reaction extension moment decreases, the corresponding counter forces from the 
soft tissue would decrease so as to prevent rotation of the socket. However, due to the 
lack of actual pressure measurements at the stump/socket interface, it is not possible to 
determine the relationship between socket kinetics and the magnitudes of interface 
pressures.  
 
According to clinical prosthetic practices, five degrees of socket flexion is normally 
incorporated into a nominally aligned prosthesis so as to position the limb in a natural 
mid-stance position and discourage hyper knee extension tendencies during gait.  
However, the experimental results obtained tend to contradict the reason for such a 
practice. Take Subject 1, for example, when the prosthesis was nominally aligned, the 
knee joint angle was 4 degrees in flexion. However when the socket was malaligned 
through a 3 degrees extension, the reading recorded for the knee joint flexion angle 
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was 5 degrees while at 6 degrees socket extension, the knee joint flexion angle was 
11degrees. On the contrary, when the socket was flexed 3 degrees, the knee joint angle 
was approximately 0.5 degrees in extension. A further socket flexion of another 3 
degrees produced a knee joint extension angle of 3 degrees. For Subject 2, at the 
nominal prosthetic configuration, the knee joint angle was in 6.3 degrees flexion. From 
Vicon, the knee joint angles recorded were 5.6 degrees and 6.2 degrees (both in 
extension) for 3 degrees socket flexion and for 6 degrees socket flexion respectively. 
When the socket was extended by 3 degrees from the nominal reference, the knee joint 
angle was 12 degrees in flexion. A further 3 degrees socket extension set the knee joint 
angle at 9 degrees in flexion. 
 
The experimental data collected from both subjects seemed to suggest that flexing of 
the socket encourage knee hyper-extension while extending the socket would make 
knee hyper-extension more difficult.  One reason to explain the contradiction to 
clinical practices was that when the socket was extended, the quadriceps muscles 
would become contracted while the hamstring muscles extended. This extension of the 
hamstring muscles discouraged hyper knee extension because the force generated from 
the extended hamstring muscle tension was large and effective enough to counter the 
socket reaction extension moment. Likewise, flexion of the socket reversed the 
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mechanics and allowed the quadriceps to be in tension while the hamstrings to be in 
contraction. The contracted hamstrings were not effective in generating a counter force 
to oppose the socket reaction extension moment. This promoted hyper knee extension.  
 
At Mid Stance (50% Stance) 
 
Figure 5-16: AP Stability – Mid-stance (50%) 
As illustrated in Figure 5-16(A), at mid-stance, it was typical for the ground reaction 
force (GRF) to pass behind the knee joint causing the knee to flex. This tendency of the 
knee to flex was, however, controlled by the active knee extensor muscles and thus, 
preventing the patient from falling. According to Radcliffe, it was anticipated that the 
resulting force pattern on the stump would concentrate on the patellar ligament, 
anterodistal portion of the tibial and the popliteal area (Figure 5-16(B)).  For Subject 1, 
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the flexion of the knee joint during 50% of stance can be observed in Figure 5-13C for 
all socket perturbations. From Figure 5-13A, at the nominal reference point, the socket 
reaction extension moment recorded was 16.3Nm while the knee joint angle was 5.3 
degrees in flexion. From this reference position, malalignments of the socket by 3 
degrees flexion, 6 degrees flexion, 3 degrees extension and 6 degrees extension set the 
socket reaction extension moments to be 11 Nm, 15.3 Nm, 26 Nm and 35.3 Nm 
respectively.  The simultaneous knee joint kinematics data collected was 2.2 degrees 
(in flexion), 1 degrees (in extension), 3.76 degrees (in flexion) and 3.57 degrees (in 
flexion) respectively.   
 
From Figure 5-14 C for Subject 2, at nominal reference, the socket reaction extension 
was 44.9 Nm and approximately 1 degree in extension. Perturbations of the socket with 
respect to the reference position for 3 degrees flexion, 6 degrees flexion, 3 degrees 
extension and 6 degrees extension yielded socket reaction extension moments of 32.4 
Nm, 17.5 Nm, 48.5Nm and 55.5 Nm respectively. The simultaneous knee joint 
kinematics data collected was 4.8 degrees (in flexion), 12.5 degrees (in flexion), 6.7 
degrees (in flexion) and 2.7 degrees (in flexion).  
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Between these two subjects, it can be observed that flexing of the socket would result 
in smaller values of socket reaction extension moments in contrast to the nominal 
reference alignment. On the other hand, extension of the socket would produce larger 
values of socket reaction extension moments compare to the values produced for a 
nominally aligned prosthesis. However, based on the above experimental results, it was 
difficult to correlate the magnitudes of knee joint angles with the magnitudes of socket 
reaction moments. Based on Radcliffe’s biomechanical analyses, it was anticipated that 
pressures would be concentrated on the patellar ligament, anterodistal portion of the 
tibial and the popliteal area.  
 
At Push Off (100% Stance) 
 
Figure 5-17: AP Stability - Push Off 
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Finally at push off (100% stance), as shown in Figure 5-17(A), the ground reaction 
force is behind the knee joint causing knee flexion. Referring to Figure 5-13A and 
Figure 5-14A, it can be seen that socket reaction extension moments reached a peak 
between 70% and 80% of stance phase for both subjects. After the peaks, the socket 
reaction extension moments began to decline sharply in the last 20% of stance. In other 
words, the socket reaction moments have increased tendencies to flex while 
approaching toe-off (100%). Simultaneously, the knee joint parameters collected also 
demonstrated the tendencies for the knee joint to flex in the last 20% of stance. This 
can be observed in Figure 5-13C for Subject 1 and Figure 5-14C for Subject 2. 
Moreover, hip joint kinematics showed a tendency for the hip to flex in preparation for 
swing phase. At the same time, the tendency for the foot to plantar-flex can be 
observed. According to Radcliffe’s analyses, tissues on the posterior-proximal and 





Figure 5-18: SUBJECT 1, (A) Effects of sagittal plane socket translational malalignments on 
socket kinetics, (B) Corresponding prosthetic side hip joint angles, (c) Corresponding prosthetic 






Figure 5-19: SUBJECT 2, (A) Effects of sagittal plane socket translational malalignment on socket 
raction moments, (B) Corresponding prosthetic side hip joint angles, (C) Corresponding 





Figure 5-20: Anterior-Posterior plane stability at heel strike (0%) 
 
Radcliffe’s theory of anterior-posterior plane stability is applicable regardless of the 
type of malalignment (i.e. angular or translational). In the case of translational socket 
perturbations, it had been anticipated that if the socket were to be shifted forward 
towards the direction of travel, then the position of the ground reaction force would be 
behind the knee joint resulting in increased knee flexion. On the other hand, if the 
socket was to be shifted posteriorly, then the knee would be subjected to forces tending 
to generate knee hyper-extension.  
 
According to Figure 5-18(A) and Figure 5-19(A), the socket reaction extension 
moments collected for Subject 1 and 2 at the nominal reference alignment were 6.5Nm 
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and 3.9 Nm respectively. For Subject 1, the corresponding hip joint angle, knee joint 
angle and prosthetic ankle angle were 28 degrees, 4 degrees and 7 degrees respectively. 
For Subject 2, the hip joint angle was 34 degrees while the knee joint angle collected 
was 6 degrees. Prosthetic ankle joint angle for this subject was 12 degrees.  
 
Analyses of the effects of prosthetic malalignments on the socket reaction moments 
demonstrated that malalignments of the socket did contribute to increased socket 
reaction moments compare to the nominal configuration. For example, for Subject 1, a 
forward shift of the socket by 5mm would increase the socket reaction extension 
moment to 9.2 Nm from the initial 6.5Nm. A further 5mm shift would generate a 
reading of 9.9Nm. As for backward socket translation by 5mm, the socket reaction 
extension moment reached a peak of 12.2 Nm for this subject. This was unexpected 
because, biomechanically, posterior shift of the socket at 10mm from the reference 
alignment would generate the largest moment arm to extend the knee joint.   
 
For subject 2, the socket reaction extension moment was 5 Nm up from the initial 3.9 
Nm when the socket was shifted anteriorly by 5mm from the reference point. This was 
the peak socket reaction extension moment for this subject. At 10mm forward shift, the 
socket reaction extension moment was 4.2 Nm. Backward shifts of the socket by 5mm 
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and 10mm yielded socket reaction extension moments at 2.8 Nm and 4.4 Nm 
respectively. Since there was an increase in socket reaction extension moment when 
malalignments were introduced to the prostheses, it was anticipated that there would be 
an increase in interface pressure. However, due to the lack of interface pressure 
measuring instruments, it was not possible to determine if the increased socket reaction 
extension moments would actually lead to higher interface pressure and vice versa.  
 
Due to the biomechanics of transtibial amputee gait, it had been predicted that forward 
shift of the socket would actually lead to increased knee flexion while backward shift 
of the socket would lead to increased knee extension (or reduced knee flexion). 
According to the kinematics data collected from Vicon, forward shift of the socket did, 
indeed, contribute to larger knee flexion angles among both subjects. For Subject 1 
(Figure 5-18C), the knee flexion angle was 8.8 degrees when a 5mm forward shift of 
the socket was introduced. However, when the socket was further malaligned by 
another 5mm forward shift, the knee angle recorded was 6 degrees. During the time 
when the knee flexion was the largest, the hip extension angle was the largest at 37 
degrees. This was to enhance momentary stability. As for subject 2 (Figure 5-19C), 
forward shift of the socket by 5mm produced a larger knee angle than a 10mm forward 
shift malalignment. The former gave a reading of 17.4 degrees while the latter 16 
degrees. During the instant when the knee joint flexion angle was the largest at 17.4 
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degrees, the hip joint angle was the largest also at 51 degrees (Figure 5-19B). One 
explanation for the smaller knee flexion angle when a 10mm socket forward shift was 
induced was probably due to the increased foot dorsi-flexion which acts as a 
compensatory mechanism. Under the same circumstances for Subject 1, the foot was 
dorsi-flexed 13.6 degrees when the socket was shifted 10mm forward in contrast to 
13.3 degrees when the socket was translated 5mm forward (Figure 5-18D). For Subject 
2, the foot was dorsi-flexed 1.11 degrees and that dorsi-flexion increased to 2.1 degrees 
when a further 5mm forward shift was induced on the socket (Figure 5-19D).  
 
 At 5mm backward translations, for Subject 1(Figure 5-18C), the knee joint angle was 
5 degrees while for Subject 2 (Figure 5-19C), the knee joint kinematics was 13 
degrees. For backward socket shifts by 10mm, results from both subjects demonstrated 
that the knee joints experience the smallest flexion angles among all malalignments 
induced. In other words, the knee joint was experiencing knee extension as the socket 
was translated backwards. Under such situations, for Subject 1, knee joint flexion angle 
read 2.1 degrees (in comparison from the initial 5 degrees) while for subject 2, the knee 
joint flexion angle reads 7.6 degrees (in contrast to the initial 13 degrees).  At the time 
when the knee joint was extending, the hip joint was actually flexing. When the knee 
joint flexion angle was the smallest (or when the knee extension was the largest), the 
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hip joint angle was the smallest. For subject 1, this was 23 degrees when the knee was 
flexed 2.1 degrees. For Subject 2, the hip joint angle was 38.7 degrees when the knee 
flexion was reduced to 7.58 degrees. One way to explain the reduction in knee flexion 
angles or increased knee joint extension was that backward shifts of the socket position 
the ground reaction force further away from the knee joint resulting in increased knee 
extension. It was anticipated that there was overloading on the heels and experimental 
data demonstrated increased foot plantar flexion (or reduced foot dorsi-flexion). For 
Subject 1(Figure 5-18D), the foot was plantar flexed 0.9 degrees at 5mm backward 
socket shift. This increased to 1.83 degrees plantar flexion when a further 5mm 
backward translation of the socket was introduced. For Subject 2(Figure 5-19D), the 
foot was dorsi-flexed 10 degrees when the socket was translated backwards by 5mm. A 
further 5mm backwards socket malalignment produced a reduced foot dorsi-flexion at 
8 degrees.  
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Figure 5-21: Anterior-posterior plane stability at midstance (50%) 
 
In Figure 5-21, at mid-stance, it was typical for the ground reaction force to pass 
behind the knee joint causing a knee flexion moment. In order to maintain AP plane 
stability, the flexion of the knee joint was controlled by the knee extensor muscles (the 
quadriceps).  
 
For Subject 1, the socket reaction extension moment for a nominal aligned prosthesis 
was 16.3Nm while for subject 2, it was 45 Nm. The corresponding kinematics 
parameters for hip angle, knee flexion angle and foot angle were 1.4 degrees, 5.3 
degrees and 10.2 degrees respectively for Subject 1. For Subject 2, the hip joint angle 
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was 5.8 degrees with the knee joint hyper extended at 0.1 degrees. The foot angle was 
dorsi-flexed 12.6 degrees.  
 
When the socket was malaligned through a forward shift of 5mm, the hip joint 
extension angles increased coupled with an increased in knee flexion angles. The 
socket reaction extension moment, however, decreased. For example, for subject 1, the 
socket reaction extension moment reduced to 13.4 Nm while the hip joint increased to 
9.3 degrees. The knee joint flexed at 9.2 degrees up from the initial 5.3 degrees. For 
subject 2, the socket reaction extension moment was 28 Nm. The hip joint extension 
angle was 24.5 degrees while the knee joint flexed at 14.1 degrees. One way to explain 
the relationship between the hip joint angle and the knee joint angle was such that the 
extension of the hip joint was required to add stability when increased knee flexion 
occurred.  
 
With further forward socket shift of 10mm from the nominal reference position, the 
socket reaction extension moment reduced to 8 Nm for Subject 1. The corresponding 
hip joint kinematics reported a 6.7 degrees extension while the knee joint flexed at 8 .3 
degrees. Foot dorsi-flexion (12.2 degrees) also increased in contrast to the angle at the 
nominal configuration (10.2 degrees). Results among subjects were not particularly 
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consistent. For Subject 2, a further 5mm socket forward shift reduced the socket 
extension moment to 31 Nm. The hip joint angle reduced to 20.1 degrees. However, 
there was increased knee joint flexion. Probably, the differences of kinematics 
parameters between these 2 subjects were due to the unique way each amputee 
compensated for malalignments.  
 
Backward shift of the socket by 5mm from the nominal reference position produced 
socket reaction extension moments larger than those from forward socket shifts. This 
was, perhaps, due to the change in position of the ground reaction force being further 
away from the knee joint and hence forcing the limb in extension. For Subject 1, 
backward shifts of the socket by 5mm and 10mm produced a socket reaction extension 
moment with a magnitude of 17Nm. This was higher than that at nominal alignment. 
For subject 2, the socket reaction extension moment was 34 Nm and 39 Nm when the 
socket was shifted backwards by 5mm and 10mm respectively. There were increased 
knee extension and reduced hip extension, due to higher stability, among both subjects. 
For Subject 1, hip flexion was 4 degrees when the socket was translated backwards by 
5mm. A further 5 mm perturbation yielded a hip flexion angle of only 0.1 degrees 
which in other words, mean increased hip extension. On the contrary, the knee joint 




Figure 5-22: Anterior-posterior plane stability at toe-off (100%) 
At toe-off, the ground reaction force is behind the knee joint causing the knee to flex. 
As a result, tissues on the posterior-proximal and anterior-distal aspects of the stump 
are subjected to increased pressure as the incipient motion began to take place.  
 
At the nominal configuration for Subject 1, the socket reaction extension moment was 
16.31 Nm. The relative kinematics parameters at the hip, knee and foot were 0.4 
degrees, 48 degrees and 12.2 degrees respectively.  For Subject 2, the nominal socket 
reaction flexion moment was 0.97 Nm.  The corresponding hip, knee and foot 
kinematics were 9.4 degrees, 45.2 degrees and12 degrees.  
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Among both subjects, forward and backward shifts of the socket reduced the knee 
flexion angles to below that of the nominal configuration. However, some 
inconsistencies among subjects exist. For Subject 1, his hip joint was hyper-extended 
between angles of 4 degrees and 19 degrees when forward and backward shifts were 
introduced. While for Subject 2, the hip joint was flexed between 11 and 15 degrees. 
For Subject 1, the smallest knee flexion angle at 13 degrees existed when the socket 
was shifted backwards by 10mm. For Subject 2, the smallest knee flexion angle was 34 
degrees when a 5mm forward socket perturbation was induced.  
 
Among both subjects, even though the same malalignment parameters were 
introduced, the effects of malalignment on the foot angle were different. For Subject 1, 
the foot had a tendency to be more dorsi-flexed than Subject 2. For the former, the 
largest dorsi-flexion angle was 24.3 degrees while the smallest was 12.2 degrees. For 
subject 2, the largest foot dorsi-flexion angle was 12 degrees while the smallest dorsi-
flexion angle was 2 degrees.  
 
It was difficult to relate socket reactions to kinematics parameters. Also, due to the 
lack of pressure measurement devices, the relationship between interface pressure and 
socket reactions moments could not be determined.  
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5.3 Effects of sagittal plane malalignments on orthogonal plane socket reactions 
5.3.1 Review of hypothesis 
Transtibial socket reactions forces and moments will vary significantly (p<0.05, One-
sided ANOVA) with prosthetic malalignments in the orthogonal planes.  
 
5.3.2  Results of socket reactions ML shear force (Fy) 
 
Figure 5-23: Socket reaction ML shear force (Fy) due to sagittal plane angulations, Subject 1 
 
Figure 5-24: Socket reaction ML shear force (Fy) due to sagittal plane translations, Subject 1 
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Figure 5-25: Socket reaction ML shear force (Fy) due to sagittal plane angulations, Subject 2 
 
Figure 5-26: Socket reaction ML shear forces (Fy) due to sagittal plane translations, Subject 2 
 
Figures 5-19 and 5-20 shows the experimental data for Subject 1 – a left below knee 
amputee while Figures 5-21 and 5-22 present the socket reaction moments for Subject 




strictly the right-hand rule. Henceforth, in Subject 1, a laterally directed force is 
positive while for Subject 2, a medially directed force is positive.  
 
From the plots, it is difficult to observe a pattern in socket reaction medio-lateral shear 
forces (Fx) when alignment perturbations were induced. However, it can be observed 
that, at the initial stages of stance phase, the socket reaction ML forces tend to be 
laterally directed. This is in response to medially directed GRFs from external foot 
rotation based on gait theory. Towards the end of stance phase, the GRF reversed in 
direction because of internal foot rotation in preparation for swing phase. Thus, as 





















Medio-Lateral Shear Force (Fy) 
Subject 1 






















0-10% 9.70E-01 5.10E-04 9.52E-01 5.30E-01 
11-20% 6.81E-01 2.89E-04 1.22E-01 1.05E-01 
21-30% 1.94E-01 1.64E-08 3.89E-03 6.20E-02 
31-40% 2.47E-04 4.00E-03 3.47E-01 3.69E-01 
41-50% 3.44E-02 4.76E-02 3.17E-02 1.08E-02 
51-60% 2.63E-07 8.48E-01 2.20E-02 2.20E-03 
61-70% 1.34E-05 1.11E-02 5.90E-02 4.27E-02 
71-80% 3.83E-06 4.52E-09 7.18E-01 2.22E-10 
81-90% 8.77E-10 8.25E-24 4.22E-09 4.56E-18 
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Table 5-13: Summary of statistical data analyses of ML shear force (Fy) due to sagittal angular 






























0-10% 7.85E-01 6.22E-01 9.83E-01 9.53E-01 
11-20% 7.89E-01 3.22E-01 8.98E-01 7.55E-02 
21-30% 3.42E-03 7.71E-04 2.60E-01 5.27E-03 
31-40% 7.62E-04 7.96E-15 2.40E-01 1.24E-07 
41-50% 2.65E-03 4.70E-10 6.64E-04 8.52E-09 
51-60% 4.38E-05 6.36E-08 6.17E-04 9.84E-07 
61-70% 2.32E-04 5.67E-11 2.79E-07 1.93E-07 
71-80% 2.01E-01 2.75E-03 9.69E-04 9.39E-03 
81-90% 3.51E-01 7.52E-01 1.32E-01 1.10E-01 
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Table 5-14: Summary of statistical analyses of ML shear force (Fy) due to sagittal angular 




Medio-Lateral Shear Force (Fy) 
Subject 1 






















0-10% 5.04E-01 7.07E-01 8.30E-02 1.11E-01 
11-20% 3.54E-01 7.79E-01 6.59E-03 5.17E-02 
21-30% 1.24E-09 1.36E-04 5.44E-07 8.35E-09 
31-40% 6.28E-08 9.57E-03 7.86E-07 1.22E-06 
41-50% 8.10E-02 1.10E-05 2.52E-02 4.08E-03 
51-60% 6.13E-01 1.67E-03 2.38E-03 9.72E-02 
61-70% 3.70E-01 5.90E-04 4.71E-02 1.15E-01 
71-80% 1.91E-05 5.50E-12 2.02E-03 1.07E-01 
81-90% 9.76E-13 4.20E-13 8.65E-09 3.61E-01 
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Table 5-15: Summary of statistical analyses of ML shear force (Fy) due to sagittal translational 
























0-10% 5.88E-01 1.05E-01 5.86E-01 5.29E-02 
11-20% 2.27E-01 3.89E-01 6.20E-01 1.03E-01 
21-30% 3.21E-02 6.04E-04 2.74E-01 1.45E-01 
31-40% 2.74E-11 1.69E-09 2.43E-07 5.09E-06 
41-50% 1.26E-07 2.37E-04 3.92E-04 1.13E-01 
51-60% 3.02E-30 6.86E-04 2.52E-03 1.96E-01 
61-70% 5.79E-08 4.08E-13 6.51E-12 9.72E-06 
71-80% 1.09E-05 1.43E-09 1.26E-07 1.18E-04 
81-90% 9.09E-01 9.13E-02 6.33E-02 1.94E-01 
91-100% 1.54E-01 2.97E-01 8.18E-02 5.02E-01 
Total Variables 
p<0.05 
6 6 5 3 
Table 5-16: Summary of statistical analyses of ML shear force (Fy) due to sagittal translational 
malalignment - Subject 2 
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Statistical analyses of the effects of ML shear forces due to orthogonal sagittal plane 
malalignments yielded significant results as much as p <0.05.  
 
For both subjects, the effects of ML shear force (Fy) tend to be stronger in patterns 
when the prosthetic socket was adjusted for angular malalignments. Altogether, sagittal 
angulation malalignments accounted for 48 variables (out of 80 variables for both 
subjects) with p < 0.05 at least while sagittal translational perturbations produced 44 
variables (out of 80) for the same statistical significance. Hence, based on these results, 
it can at least be determined that sagittal angular malalignments produced a larger 
effect on ML shear force (Fy) in contrast to sagittal translational perturbations.  
 
One explanation for the significant effects on ML shear force (Fy) when perturbations 
were performed in the orthogonal sagittal plane could be due to the occurrence of the 





                   A                                    B                                   C 
TOP VIEW (Right Lower Limb) 
Figure 5-27: Description of knee joint screw home mechanism. 
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In gait theory, the knee tends to flex shortly after foot flat so as to absorb the impact of 
the body load. Due to the lack of an anatomical ankle, the flexion of the knee on the 
prosthetic side tends to be larger than that of the anatomical.  At this juncture, reverse 
screw-home mechanism could probably have taken place. As the knee began to flex 
from an extended position after heel strike, posterior tibial glide produced relative 
tibial internal rotation (A). The knee then extended again as single-limb stance 
approached.  
 
 At the final stages of prosthetic side knee extension, prolonged anterior glide of the 
tibial on the femur resulted in external tibial rotation (B). This caused the foot to turn 
outwards laterally (C). Taking into account the initial position of the foot due to 
internal rotation, the tibial would have to rotate over a larger angle so as to lock the 
knee joint. (This is due to the larger flexion angle.) At this juncture though, the 
prosthetic foot was already firmly rooted to the ground. This larger external tibial 
rotation caused a medially directed GRF on the prosthetic foot. Therefore, even though 
malalignments were performed in the sagittal plane, cross-talk effects spilled over to 




Figures 5-24 to 5-27 show the plots of the ground reaction forces from the force plates 
which correspond to the respective socket reactions forces for the different 
perturbations.  
 































Medio-Lateral Ground Reaction Shear Force (Fy) 
measure from force plate 
Subject 1 






















0-10% 5.65E-01 2.23E-02 3.51E-01 1.65E-01 
11-20% 1.00E-01 1.02E-01 1.20E-01 1.07E-01 
21-30% 8.21E-01 1.58E-01 6.26E-01 4.82E-01 
31-40% 6.33E-01 5.33E-02 3.28E-01 1.34E-01 
41-50% 1.04E-02 6.05E-05 1.66E-02 5.32E-02 
51-60% 3.11E-02 9.86E-05 1.10E-05 7.99E-05 
61-70% 6.34E-03 5.55E-07 1.25E-06 2.99E-04 
71-80% 6.45E-02 5.14E-03 7.13E-04 2.47E-03 
81-90% 8.05E-03 2.46E-03 6.73E-04 9.37E-04 
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Medio-Lateral Ground Reaction Shear Force (Fy) 
measured from force plate 
Subject 2 






















0-10% 3.20E-03 5.09E-02 1.21E-01 7.37E-04 
11-20% 8.22E-01 6.56E-01 7.44E-01 9.71E-01 
21-30% 1.39E-02 2.82E-03 2.52E-03 3.98E-03 
31-40% 1.92E-03 4.47E-05 3.70E-05 8.30E-06 
41-50% 2.15E-01 1.64E-03 1.94E-04 9.08E-05 
51-60% 8.22E-01 3.07E-05 3.99E-05 2.75E-05 
61-70% 4.11E-07 1.50E-07 8.36E-07 1.95E-08 
71-80% 8.07E-03 1.04E-04 1.54E-05 1.81E-04 
81-90% 9.24E-01 2.64E-01 3.79E-01 3.09E-01 
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Medio-Lateral Ground Reaction Shear Force (Fy) 
measured from force plate 
Subject 1 






















0-10% 5.35E-01 6.71E-03 2.95E-01 2.19E-01 
11-20% 1.71E-01 6.46E-01 1.01E-01 6.80E-02 
21-30% 1.71E-01 7.87E-01 2.87E-01 5.84E-01 
31-40% 2.00E-01 5.34E-02 2.24E-01 5.72E-01 
41-50% 2.31E-03 2.05E-03 2.66E-02 3.36E-02 
51-60% 9.00E-06 1.17E-05 2.21E-03 3.57E-02 
61-70% 1.22E-05 5.62E-07 1.81E-04 1.24E-02 
71-80% 3.68E-03 3.90E-03 2.49E-02 2.51E-02 
81-90% 2.01E-03 1.88E-03 1.11E-03 8.02E-04 
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Table 5-19: Summary of statistical analyses of ML GRF due to sagittal plane translational 




Medio-Lateral Ground Reaction Shear Force (Fy) 
measured from force plate  
Subject 2 






















0-10% 2.52E-02 1.37E-03 1.69E-02 3.48E-03 
11-20% 4.94E-01 8.36E-01 2.96E-01 7.37E-01 
21-30% 2.43E-02 9.20E-01 4.78E-01 4.38E-01 
31-40% 2.90E-04 2.92E-01 3.33E-02 6.62E-02 
41-50% 1.11E-03 4.46E-01 8.16E-01 9.80E-01 
51-60% 9.81E-06 1.46E-01 1.84E-02 7.54E-02 
61-70% 2.90E-08 2.58E-01 3.98E-05 4.73E-05 
71-80% 5.43E-07 5.60E-02 5.71E-02 3.20E-03 
81-90% 8.90E-01 4.71E-01 6.32E-01 6.63E-01 




8 1 4 3 
Table 5-20: Summary of statistical analyses of ML GRF due to sagittal plane translational 
malalignments - Subject 2 
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Tables 5-17 to 5-21 show the statistical analyses of the ground reaction forces for 
Figures 5-24 to 5-27 respectively. The total number of variables for both subjects that 
are sensitive (p < 0.05) to angulation malalignments are 50 (out of 80) while those 
sensitive to translational malalignments are 41 (out of 80). Even though the occurrence 
of the points of significance do not tally between the ground reaction forces (measured 
from the force plate) and the socket reaction forces, it can be seen through comparison 
that sagittal angular malalignments do have a larger effect on the ground reaction 
forces and socket reactions (Fy) compare to sagittal translational changes. The results 
from the ground reaction forces provided additional scientific evidences to support the 
results that socket reaction ML shear forces (Fy) are significantly affected by 




5.3.3 Results of socket reactions coronal moment (Mx) 
 
















Figure 5-35: Socket reactions coronal moment (Mx) due to sagittal plane socket  translations, 
Subject 2 
 
As already stressed previously, the coordinates used strictly observed the right-hand 
rule. Figures 5-28 and 5-29 show a positive laterally directed moment for Subject 1(left 






negative for Subject 2 (right transtibial amputee). For all plots, socket kinetic patterns 
due to malalignments are not clear.  
  
























0-10% 4.97E-01 9.22E-01 2.93E-01 6.24E-02 
11-20% 1.34E-01 3.71E-01 2.21E-01 6.40E-01 
21-30% 6.31E-06 1.43E-04 5.10E-04 1.76E-01 
31-40% 2.01E-03 5.42E-01 5.25E-07 3.82E-11 
41-50% 5.26E-07 3.56E-04 3.68E-01 1.09E-02 
51-60% 9.03E-02 7.70E-01 6.22E-01 5.82E-06 
61-70% 4.50E-03 3.75E-10 7.70E-01 6.68E-05 
71-80% 5.49E-01 2.40E-07 4.08E-01 5.31E-12 
81-90% 2.28E-01 9.57E-02 4.73E-01 7.65E-01 
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Table 5-21: Summary of statistical analyses of socket reactions coronal moment (Mx) due to 
sagittal plane angulations – Subject 1 
 
























0-10% 7.16E-01 9.62E-01 1.54E-02 5.08E-02 
11-20% 7.60E-02 3.34E-01 8.12E-01 4.09E-01 
21-30% 3.85E-07 8.36E-04 1.98E-04 8.05E-02 
31-40% 2.30E-04 9.85E-02 2.69E-04 3.65E-06 
41-50% 3.34E-03 2.78E-05 6.91E-02 6.32E-01 
51-60% 1.30E-19 6.45E-01 8.53E-05 8.27E-06 
61-70% 3.56E-11 4.60E-10 8.85E-04 1.87E-14 
71-80% 3.28E-06 1.40E-06 3.16E-03 4.35E-05 
81-90% 8.50E-01 9.43E-01 5.64E-01 1.92E-01 
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Table 5-22: Summary of statistical analyses of socket reactions coronal moment (Mx) due to 
sagittal plane angulations - Subject 2 
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Coronal Moment (Mx) 
Subject 1 






















0-10% 2.56E-02 4.92E-01 2.65E-01 2.04E-01 
11-20% 2.65E-02 5.94E-01 7.05E-01 4.44E-02 
21-30% 4.63E-01 7.19E-03 1.13E-02 7.65E-04 
31-40% 2.19E-13 1.16E-09 9.20E-02 6.13E-15 
41-50% 2.42E-02 9.76E-01 5.43E-05 9.21E-09 
51-60% 1.34E-01 5.11E-01 9.76E-02 5.38E-01 
61-70% 1.36E-01 8.46E-01 6.57E-01 6.04E-01 
71-80% 2.45E-05 8.41E-07 2.49E-06 8.59E-08 
81-90% 3.04E-01 9.24E-02 5.27E-02 2.91E-02 




4 3 3 6 
Table 5-23: Summary of statistical analyses of socket reactions coronal moment (Mx) due to 
























0-10% 4.99E-01 9.91E-01 2.03E-02 6.58E-01 
11-20% 4.66E-01 2.11E-03 4.95E-02 1.78E-01 
21-30% 4.78E-01 9.61E-10 1.14E-04 1.62E-06 
31-40% 4.92E-01 4.03E-11 5.78E-03 4.42E-06 
41-50% 3.89E-04 3.29E-01 2.94E-01 1.34E-02 
51-60% 1.86E-08 2.35E-07 1.47E-04 7.74E-08 
61-70% 3.02E-12 5.36E-13 6.21E-10 3.50E-13 
71-80% 7.69E-05 9.09E-02 3.06E-03 3.29E-02 
81-90% 9.41E-01 5.88E-01 6.17E-01 6.41E-01 
91-100% 2.11E-01 2.97E-01 1.03E-01 6.48E-01 
Total Variables 
p<0.05 
4 5 7 6 
Table 5-24: Summary of statistical analyses of socket reactions coronal moment (Mx) due to 




The statistical results for Subject 1 and Subject 2 tend to differ. For the former, it 
seems that coronal moments due to sagittal translation perturbations have a slightly 
larger effect than sagittal angulations. For the latter, sagittal angulations produced a 
larger effect on the coronal moments compare to translational malalignments in the 
same plane. Even though the magnitudes of malalignments of the socket were the 
same, the kinetics effects were different. Perhaps, explanation can be offered according 
to the way the patients accommodate to alignment changes of their prostheses.  
 
There were 37 variables (out of 80) with sagittal angulations that satisfied the condition 
p < 0.05 for socket reactions to be significant. On the other hand, sagittal translational 
malalignments produced 38 variables (out of 80) under the same statistical condition 
for socket reactions to make a difference.  
 
Obviously, through a comparison, it is not difficult to determine that the effects on 
coronal moments due to sagittal plane malalignments were not as strong as the effects 
on sagittal moments due to sagittal plane alignment perturbations. This could probably 
be attributed to the lack of displacement to generate moments in the coronal planes to 
overcome the resistance from the Lateral Collateral Ligament (LCL) and the Medial 
Collateral Ligament (MCL). The former acts like a cord providing tension and strength 
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against varus movement of the lower leg and are relaxed when knee flexion occurs. 
The latter provides protection from valgus forces and rotary stresses. 
 
5.3.4  Results of socket reactions axial torque (Mz) 
 
Figure 5-36: Socket reactions axial torque (Mz) due to sagittal angulations, Subject 1 
 
 







Figure 5-38: Socket reactions axial torque (Mz) due to sagittal angulations, Subject 2 
 
 
Figure 5-39: Socket reactions axial torque (Mz) due to saggital translations, Subject 2 
 
Figures 5-32 to 5-35 show the plots for axial rotation due to sagittal malalignments. 
Clearly, the pattern of plots between Subject 1 and Subject 2 varies significantly. This 
could be due to the way the patient compensate for their malaligned prostheses. 






malalignments were predictable. This however, could not be concluded because data 
from subject 1 did not exhibit the same phenomenon.  
 
























0-10% 3.46E-03 4.82E-05 4.95E-02 6.83E-01 
11-20% 8.43E-01 1.31E-13 8.80E-02 1.32E-03 
21-30% 5.24E-04 6.40E-16 1.11E-07 4.01E-10 
31-40% 7.40E-05 1.05E-11 6.74E-02 4.37E-03 
41-50% 5.94E-03 1.01E-06 8.44E-01 2.89E-03 
51-60% 1.67E-03 1.58E-06 1.49E-08 6.12E-01 
61-70% 3.07E-19 1.03E-13 4.93E-01 2.06E-04 
71-80% 1.08E-08 2.20E-01 5.74E-06 1.60E-07 
81-90% 1.37E-03 5.85E-03 2.07E-06 3.38E-07 




8 8 6 7 
Table 5-25: Summary of statistical analyses of socket reactions axial torque (Mz) due to sagittal 
angulations – Subject 1 
 
























0-10% 7.00E-01 7.88E-01 9.10E-01 8.76E-01 
11-20% 4.67E-01 2.26E-03 9.33E-01 1.41E-05 
21-30% 3.00E-02 9.68E-05 8.91E-01 6.32E-05 
31-40% 8.05E-03 8.34E-09 1.26E-01 3.57E-08 
41-50% 1.47E-03 1.02E-08 3.09E-02 1.63E-07 
51-60% 2.83E-06 1.18E-08 2.91E-02 1.01E-06 
61-70% 4.96E-07 2.00E-11 1.02E-02 9.43E-06 
71-80% 1.57E-01 1.56E-07 4.04E-01 2.43E-03 
81-90% 4.64E-01 8.38E-01 3.34E-01 1.38E-01 




7 1 3 7 
Table 5-26: Summary of statistical analyses of socket reactions axial torque (Mz) due to sagittal 




Axial Torque (Mz) 
Subject 1 






















0-10% 9.16E-01 1.79E-05 1.04E-04 5.19E-01 
11-20% 3.86E-04 3.70E-01 1.10E-01 2.62E-03 
21-30% 3.07E-01 5.59E-04 3.84E-05 2.86E-04 
31-40% 8.22E-09 9.23E-06 6.27E-05 1.19E-04 
41-50% 2.32E-06 5.03E-02 5.67E-07 1.87E-05 
51-60% 3.32E-01 8.77E-03 3.06E-10 3.64E-11 
61-70% 1.10E-14 8.38E-06 8.04E-05 5.92E-05 
71-80% 4.07E-04 8.42E-02 7.03E-03 5.35E-01 
81-90% 3.59E-02 3.14E-06 1.99E-06 6.26E-06 




5 6 8 7 
Table 5-27: Summary of statistical analyses of socket reactions axial torque (Mz) due to sagittal 




Axial Torque (Mz) 
Subject 2 


















0-10% 7.38E-01 8.19E-01 7.89E-01 6.61E-01 
11-20% 2.38E-01 1.15E-01 6.11E-08 9.67E-07 
21-30% 3.16E-02 3.04E-02 7.19E-01 6.68E-01 
31-40% 4.27E-05 1.43E-04 8.19E-01 6.37E-02 
41-50% 1.09E-04 6.99E-04 6.49E-02 4.06E-02 
51-60% 1.17E-04 4.20E-05 2.18E-03 1.46E-02 
61-70% 2.89E-07 8.93E-11 2.76E-07 4.00E-03 
71-80% 3.38E-07 3.76E-11 1.32E-07 1.20E-01 
81-90% 4.41E-01 2.00E-01 2.07E-01 6.27E-01 
91-100% 5.47E-01 3.41E-01 1.85E-01 7.35E-01 
Total Variables 
p<0.05 
6 6 4 4 
Table 5-28: Summary of statistical analyses of socket reactions axial torque (Mz) due to sagittal 
translational malalignment - Subject 2 
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Statistical analyses of axial torque (Mz) due to sagittal plane malalignments showed 
that socket reaction axial torque (Mz) is more sensitive to sagittal angular 
misalignment compare to sagittal translational perturbations. This was determined by 
the total number of variables that satisfied the condition p<0.05 (at least).  
 
Refering back to the results obtained for ML shear force (Fy) which is more sensitive 
towards sagittal angulations than translational perturbations in the same plane, there 
might be some correlations between how the ML shear forces influenced the axial 
torque. Also, one explanation for the significance of socket reactions in the orthogonal 
transverse plane when perturbations were induced in the sagittal plane could be 
attributed to the mechanics of the ―screw-home mechanism‖ of the knee joint.  
 
In gait theory, the knee tends to flex shortly after foot flat so as to absorb the impact of 
the body load. Due to the lack of an anatomical ankle, the flexion of the knee on the 
prosthetic side tends to be larger than that of the anatomical.  At this juncture, reverse 
screw-home mechanism could probably have taken place. As the knee began to flex 
from an extended position after heel strike, posterior tibial glide produced relative 
tibial internal rotation. The knee then extended again as single-limb stance approached.  
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At the final stages of prosthetic side knee extension, prolonged anterior glide of the 
tibial on the femur resulted in external tibial rotation. This caused the foot to turn 
outwards (laterally). Taking into account the initial position of the foot due to internal 
rotation, the tibial would have to rotate over a larger angle so as to lock the knee joint. 
At this juncture though, the prosthetic foot was already firmly rooted to the ground. 
This larger external tibial rotation caused a medially directed GRF on the prosthetic 
foot and thus created a moment with a tendency to rotate the foot medially inwards. 
Applying Newton’s Law, the socket reacted in the opposite direction generating a 














5.4 Effects of coronal plane malalignments on coronal plane socket reactions 
5.1.1 5.4.1 Review of hypothesis 
Transtibial socket reactions forces and moments will vary significantly (p<0.05, One-
sided ANOVA) with prosthetic malalignments in both the sagittal and coronal planes.  
5.4.2  Results of socket reactions ML shear force (Fy) 
 
Figure 5-40: Socket reaction ML shear forces (Fy) due to coronal angulations, Subject 1 
 
 


















Figures 5-36 to 5-39 show the medio-lateral shear forces (Fy) due to coronal plane 
malalignments. The trends in which the plots change with respect to alignment 




























0-10% 7.51E-01 9.20E-01 6.15E-01 7.49E-01 
11-20% 9.19E-01 2.14E-01 9.66E-02 1.06E-02 
21-30% 1.09E-03 7.40E-04 4.23E-07 1.58E-08 
31-40% 3.13E-02 2.04E-02 3.33E-07 4.41E-07 
41-50% 4.76E-01 2.32E-02 2.69E-07 4.99E-05 
51-60% 7.87E-02 1.40E-02 8.38E-03 1.63E-01 
61-70% 4.31E-02 1.53E-02 5.39E-01 7.32E-01 
71-80% 6.97E-06 4.65E-07 1.15E-02 1.74E-05 
81-90% 3.13E-11 9.16E-08 5.67E-12 2.32E-10 




6 8 7 8 
Table 5-29: Summary of statistical analyses of socket reactions ML shear forces (Fy) due to 








































0-10% 6.33E-03 4.15E-02 1.74E-01 7.89E-01 
11-20% 8.06E-01 4.12E-01 5.08E-01 1.38E-01 
21-30% 8.54E-02 1.59E-02 2.30E-02 1.93E-02 
31-40% 1.84E-05 5.50E-08 6.77E-08 1.84E-04 
41-50% 3.55E-04 8.46E-07 5.74E-02 3.97E-01 
51-60% 4.20E-05 5.63E-07 6.59E-01 8.04E-01 
61-70% 3.82E-13 5.67E-15 9.41E-03 1.70E-03 
71-80% 5.55E-08 5.60E-10 1.29E-03 1.14E-02 
81-90% 7.81E-02 1.24E-01 5.92E-01 7.40E-01 




6 7 4 4 
Table 5-30: Summary of statistical analyses of socket reactions ML shear forces (Fy) due to 




Medio-lateral Shear Force (Fy) 
Subject 1 






















0-10% 7.30E-01 6.13E-01 7.21E-01 4.25E-04 
11-20% 6.99E-01 2.18E-01 1.19E-01 1.09E-03 
21-30% 6.16E-03 3.25E-05 4.30E-04 4.48E-03 
31-40% 1.23E-03 3.03E-05 6.93E-01 7.37E-01 
41-50% 6.98E-02 2.61E-04 6.34E-01 6.47E-01 
51-60% 2.92E-01 9.89E-02 1.56E-01 1.19E-01 
61-70% 4.43E-02 9.42E-01 4.73E-02 7.43E-02 
71-80% 3.79E-07 1.76E-03 6.37E-06 5.20E-05 
81-90% 4.32E-16 1.80E-11 5.76E-13 4.82E-10 




6 6 5 6 
Table 5-31: Summary of statistical analyses of socket reactions ML shear forces (Fy) due to 




Medio-lateral Shear Force (Fy) 






















0-10% 6.71E-02 9.12E-02 5.26E-01 4.97E-01 
11-20% 2.72E-01 4.12E-01 5.53E-01 3.49E-01 
21-30% 1.16E-01 1.30E-01 8.84E-02 1.83E-01 
31-40% 8.75E-04 1.01E-03 3.89E-03 2.79E-01 
41-50% 4.57E-01 5.41E-01 5.86E-01 5.15E-01 
51-60% 7.34E-02 9.27E-01 8.51E-01 1.38E-01 
61-70% 4.90E-06 6.31E-01 4.32E-02 3.73E-02 
71-80% 6.12E-02 7.12E-01 3.22E-01 8.79E-01 
81-90% 7.39E-01 6.72E-01 3.18E-01 6.57E-01 




2 1 2 1 
Table 5-32: Summary of statistical analyses of socket reactions ML shear forces (Fy) due to 
coronal translational changes - Subject 2 
 
For both subjects, socket reactions ML shear force (Fy) exhibited a higher sensitivity 
to coronal angular malalignments compare to coronal sagittal malalignments. Subject 1 
produced 29 variables (out of 80) that satisfied the condition p < 0.05 for socket 
reaction ML shear force (My) to be significantly different between angular malaligned 
cases and the nominal alignment while subject 2 exhibited 21 such variables. For 
coronal translations, Subject 1 produced 23 variables (out of 80) and Subject 2 at 6 






5.4.3 Results of socket reactions coronal moment (Mx)  
 
 
Figure 5-44: Socket reaction coronal moments (Mx) due to coronal angulations, Subject 1 
 
 








Figure 5-46: Socket reaction coronal moments (Mx) due to coronal angulations, Subject 2 
 
 
Figure 5-47: Socket reaction coronal moments (Mx) due to coronal translations, Subject 2 
 
Figures 5-40 to 5-43 shows the plots for socket reaction coronal moments due to 
coronal plane malalignments. Except for Figure 5-42, it can be seen that there is a very 






abduction of the socket would generate the largest lateral moment. This acts to 
counteract the tendency of the patient to fall towards the unsupported side during 
prosthetic stance phase.  Variations of alignments show that higher socket abductions 
tend to generate larger lateral moments which move the plots up the graph while larger 
socket adductions with reference to the nominal alignment, then to produce lower 
moments that move the plots down the graphs.  
 
The trends exhibited by coronal translational malalignments are easily predictable. 
Sticking to the right-hand rule, counteracting lateral moments are positive for Subject 1 
but negative for Subject 2. As clearly shown, socket medial translations tend to create a 
wide based gait among both patients. The more the socket is moved medially, the 
lower the counteracting moments to prevent the patient from falling towards the 
unsupported side during stance phase. Likewise, when the socket is moved laterally, a 
narrow based gait results and thus higher counteracting moments are required by the 
































0-10% 1.20E-04 1.81E-06 9.02E-01 8.37E-01 
11-20% 2.56E-04 5.05E-06 9.95E-02 1.05E-03 
21-30% 5.42E-10 6.78E-14 2.92E-06 3.84E-09 
31-40% 1.57E-25 9.16E-25 2.51E-16 1.70E-21 
41-50% 3.20E-10 9.84E-15 1.45E-12 1.59E-13 
51-60% 4.27E-04 6.92E-07 5.83E-03 6.77E-04 
61-70% 6.61E-03 2.96E-02 5.26E-03 1.52E-05 
71-80% 3.70E-12 1.07E-10 1.03E-08 3.10E-11 
81-90% 1.65E-02 5.12E-04 2.43E-02 1.88E-03 




9 9 7 8 
Table 5-33: Summary of statistical analyses of socket reactions coronal moments due to coronal 




























0-10% 7.19E-04 1.87E-01 1.32E-03 4.37E-03 
11-20% 1.12E-01 9.04E-01 4.11E-01 3.09E-02 
21-30% 1.34E-01 5.26E-02 1.46E-03 4.78E-09 
31-40% 1.18E-03 2.48E-04 3.96E-02 1.65E-05 
41-50% 6.91E-04 5.45E-06 1.31E-06 5.39E-02 
51-60% 2.65E-01 4.26E-09 6.97E-14 1.46E-03 
61-70% 7.76E-11 1.35E-14 1.67E-05 3.50E-10 
71-80% 5.62E-07 3.25E-15 3.67E-02 4.99E-09 
81-90% 4.17E-01 1.08E-01 8.52E-01 5.65E-01 




6 6 7 7 
Table 5-34: Summary of statistical analyses of socket reactions coronal moments due to coronal 




Coronal Moment (Mx) 
Subject 1 






















0-10% 1.03E-01 1.60E-02 2.83E-08 6.73E-06 
11-20% 1.62E-01 3.23E-04 1.86E-03 7.89E-03 
21-30% 7.51E-04 3.25E-10 1.06E-08 2.95E-05 
31-40% 2.33E-12 7.92E-21 3.09E-13 9.84E-20 
41-50% 7.09E-12 2.18E-15 7.07E-10 9.94E-15 
51-60% 4.24E-08 2.12E-09 1.84E-03 2.52E-08 
61-70% 5.20E-08 6.16E-12 2.71E-03 2.99E-06 
71-80% 5.25E-06 4.58E-13 9.87E-10 6.10E-14 
81-90% 3.29E-01 1.47E-05 2.07E-04 3.38E-04 




6 9 9 10 
Table 5-35: Summary of statistical analyses of socket reactions coronal moments due to coronal  



























0-10% 7.06E-01 8.05E-02 8.24E-02 1.57E-04 
11-20% 5.85E-03 7.90E-06 5.29E-01 3.52E-02 
21-30% 7.67E-10 2.06E-15 9.00E-02 5.72E-07 
31-40% 8.91E-12 1.91E-17 9.12E-02 1.23E-11 
41-50% 4.23E-12 5.94E-17 5.21E-02 3.75E-13 
51-60% 1.06E-18 8.97E-21 6.47E-06 5.14E-19 
61-70% 8.73E-18 8.22E-30 6.28E-17 6.68E-22 
71-80% 5.06E-08 1.70E-19 1.60E-14 1.97E-19 
81-90% 3.87E-01 2.38E-02 7.17E-02 2.61E-02 




8 9 4 10 
Table 5-36: Summary of statistical analyses of socket reactions coronal moments due to coronal 
plane translational changes - Subject 2 
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The statistical analyses from Tables 5-33 – 5-36 demonstrated that coronal 
translational misalignment of the socket produced a larger effect on the coronal 
moment in contrast to coronal angular translations. The former produced 65 variables 
(out of 80) while the latter produced 59 variables (out of 80) so as to satisfy the 
condition that p < 0.05. 
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Figure 5-48: SUBJECT 1; Effects of coronal angular socket malalignments on socket kinetics and 
lower limb joint kinematics parameters, (B) Corresponding prosthetic side hip joint angles, (C) 






Figure 5-49: SUBJECT 2; Effects of coronal angular socket malalignments on socket kinetics and 
lower limb joint kinematics parameters, (B) Corresponding prosthetic side hip joint angles, (C) 
Corresponding prosthetic side knee joint angles and (D) Corresponding prosthetic side ankle joint 
angles. 
For coronal angular malalignments, comparison of socket reaction moments (Mx) 
between Subject 1 and Subject 2 highlighted a significant difference. The plots of 
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coronal plane socket reaction moments were single peaked for Subject 1 while the 
same parameter was double peaked for Subject 2. This trend exhibited the unique gait 
pattern of each patient. The plots in Subject 1 described very clear differentiations of 
socket coronal moments variations due to malalignments of the socket (Figure 5-48A). 
For instance, when the socket was nominally aligned, the socket reaction lateral 
moment was approximately 12 Nm. A perturbation of 3 degrees socket abduction 
produced a socket reaction lateral moment of about 15Nm. When 6 degrees socket 
abduction was induced on the prosthesis, the socket reaction lateral moment increased 
to an estimated 18 Nm. On the contrary, when the socket was adducted by 3 degrees, 
the socket reaction lateral moment was about 8Nm. A further 3 degrees malalignment 
contributed a socket reaction lateral moment of around 7Nm.   
 
  
Figure 5-50: Biomechanics of coronal plane socket angular malalignment and anticipated pressure 
profile when the socket is abducted. 
 
Socket Abduction 




From the above illustration, transtibial socket abduction produced ―knock knees‖ while 
transtibial socket adduction generate a ―bowlegged knee‖ on the prosthetic side. The 
former produced a narrow based gait increasing the laterally directed counter moments.   
This means that the pylon would be leaning laterally with excessive pressure at the 
distal end of the fibula. Socket adduction reduces the laterally directed counter 
moments.  Hence, the pylon tends to lean medially during mid-stance with increased 
loadings on the medial border of the prosthetic foot. 
 
The knee joint valgus/varus (abduct/adduct) angles, at mid-stance, due to malalignment 
make sense from a biomechanical perspective when compared to the socket reaction 
moment in the coronal plane. For example, for Subject 1, when the socket was 
excessively abducted (6 degrees), the laterally directed socket reaction counter moment 
generated was the largest (Figure 5-48A). Simultaneously, the knee valgus angle was 
the largest at the same time (Figure 5-48C). This prevented the body from falling 
towards the unsupported side. When the socket was excessively adducted, the laterally 
directed counter moments were reduced (Figure 5-48A) and so did the knee joint 
valgus angles (Figure5-48C). This increased the tendency for the patient to fall towards 
the unsupported side.  
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It was difficult to compare coronal socket reaction moments with the ankle joint 
eversion/inversion angles although it was anticipated that biomechanically, the larger 
the angle of socket abduction, the more likely hood that the patient will have to walk 
on increased loading on the lateral border of the foot. The result obtained in Figure 5-
48D and Figure 5-49D, however, demonstrated that the prosthetic ankle 






Figure 5-51:  SUBJECT 1; (A)Effects of coronal translational socket malalignment on socket 
kinetics and lower limb kinematics, (B) Corresponding prosthetic side hip joint angles, (C) 







Figure 5-52: SUBJECT 2; (A) Effects of coronal plane socket translational malalignment on socket 
reaction moments, (B) Corresponding prosthetic side hip joint angles, (C) Corresponding 
prosthetic side knee joint angles, (D) Corresponding prosthetic side ankle joint angles. 
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For medio-lateral stability, due to prosthetic socket translational malalignments, clear 
differentiation between socket reaction moments plots (Mx) for both subjects, could be 
observed.  
                                  
       
Figure 5-53: Biomechanics of medio-lateral stability of transtibial amputees 
 
Figure 5-53 illustrated the meaning of plots of socket reaction moments (Mx) in Figure 
5-51 (Subject 1) and Figure 5-52 (Subject 2). As the socket was medially translated, 
the prosthetic foot was displaced away from the midline. This resulted in a wide base 
gait and hence produced a smaller laterally directed socket reaction counter moment 
and hence, increased the tendency for the patient to fall towards the unsupported side. 
For example in Figure 5-51A(Subject 1) and Figure 5-51B (Subject 2), during mid-
stance, the laterally directed socket reaction counter moment was approximately 7 Nm 
and -6Nm respectively when the socket was medially translated by 5mm from the 
nominal reference alignment (red). These laterally directed counter moments read 4 
Nm and between 2.5 to 3 Nm for Subject 1 and Subject 2 respectively when the socket 
was further translated medially by another 5mm. However, when the socket was 




laterally translated, the prosthetic foot was displaced towards the midline. This 
produced a narrower based gait which generated larger laterally directed counter 
moments. For example, Figure 5-51A showed that for Subject 1, when lateral 
translational socket malalignment was induced with reference to the nominally aligned 
prosthetic configuration , the laterally directed socket reaction counter moment was 
around 15Nm and that this moment increased to just below 20 Nm when a further 5mm 
lateral translational malalignment was introduced. For patient 2(Figure 5-52A), 
similarly, lateral translational malalignment of the socket by 5mm from the reference 
plane produced a reading of between -8 and -9 Nm while another 5mm of perturbations 
in the same direction yielded a result of about -12.5 Nm.  
 
It was difficult to correlate the hip joint kinematics of both subjects to their respective 
socket reaction moments particularly when the trends from patient 2 were so different 
from the data obtained from patient 1. However, it can be observed that at mid-stance 
the hip joints of both subjects were adducted. Perhaps, this was to keep the subject in 
balance during gait.  
 
At mid-stance, for the knee joint kinematics, however, it seems that medial translation 
of the socket would generate less knee valgus and hence producing a wider base gait 
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while lateral socket translation would produce knee valgus and thus producing a 
narrower base gait.   
 
 
It was difficult to correlate the prosthetic foot angles with the socket reaction moments 
(Mx) because the data from both patients did not show consistencies in terms of trends. 
Nevertheless, it seems that during mid-stance, the prosthetic foot underwent inversion.  
 
Comparing the kinematics parameters of both patients from Figure 5-51 and Figure 5-
52, it can be seen that even though the magnitude of malalignments were small, there 
could be significant effects on not just the gait pattern but also the interface pressure. 
The measurement of interface pressure was taken into account in this research. 










5.5 Effects of coronal plane malalignments on orthogonal plane socket reactions 
5.5.1 Review of hypothesis 
 
 Transtibial socket reactions forces and moments will vary significantly (p<0.05, One-
sided ANOVA) with prosthetic malalignments in the orthogonal planes.  
 
5.5.2 Results of socket reactions AP shear force (Fx) 
 








Figure 5-55: Socket reaction AP shear forces (Fx) due to coronal translations, Subject 1 
 
 
Figure 5-56: Socket reactions AP shear forces (Fx) due to coronal angulations, Subject 2 
 
 
Figure 5-57: Socket reaction AP shear forces (Fx) due to coronal translations, Subject 2 
 
Figures 112 to 115 exhibit socket reaction shear forces in the orthogonal anterior-









Anterior-Posterior Shear Force (Fx) 
Subject 1 






















0-10% 7.65E-01 7.31E-01 9.49E-01 5.95E-01 
11-20% 2.81E-01 4.35E-01 1.52E-01 5.04E-02 
21-30% 2.30E-11 1.55E-14 2.68E-09 2.43E-05 
31-40% 1.47E-02 1.65E-04 3.59E-03 1.37E-01 
41-50% 6.01E-01 1.29E-02 8.18E-01 3.01E-01 
51-60% 9.20E-01 8.00E-01 1.04E-01 5.60E-01 
61-70% 1.37E-01 1.36E-02 5.51E-02 8.46E-02 
71-80% 4.36E-02 1.95E-03 8.25E-04 3.76E-04 
81-90% 1.29E-04 3.73E-09 1.98E-08 3.64E-08 
91-100% 9.42E-01 6.67E-01 6.87E-01 6.86E-01 
Total Variables 
p<0.05 
4 5 4 3 
Table 5-37: Summary of statistical analyses of socket reactions AP shear forces (Fx) due to coronal 
angular changes – Subject 1 
 























0-10% 7.39E-02 2.18E-02 3.66E-02 1.18E-02 
11-20% 3.34E-02 9.91E-02 5.57E-02 2.11E-02 
21-30% 3.46E-01 6.33E-03 5.49E-02 1.33E-01 
31-40% 2.17E-15 6.07E-04 1.37E-06 4.43E-11 
41-50% 3.59E-05 9.20E-01 7.76E-01 7.82E-02 
51-60% 1.27E-04 2.84E-01 2.18E-01 5.88E-03 
61-70% 2.35E-06 4.12E-02 5.87E-02 9.00E-05 
71-80% 2.23E-03 9.02E-03 1.49E-01 1.38E-03 
81-90% 7.97E-02 3.30E-01 5.64E-01 1.38E-01 
91-100% 8.53E-01 8.61E-01 6.94E-01 5.09E-01 
Total Variables  
p<0.05 
6 5 2 6 
Table 5-38: Summary of statistical analyses of socket reactions AP shear forces (Fx) due to coronal 






Anterior-Posterior Shear Force (Fx) 
Subject 1 






















0-10% 6.15E-01 9.73E-01 6.60E-01 1.15E-02 
11-20% 5.27E-01 3.54E-01 5.75E-01 9.21E-01 
21-30% 2.84E-10 3.52E-09 7.16E-06 1.59E-03 
31-40% 2.23E-04 5.09E-06 4.05E-04 2.47E-01 
41-50% 4.62E-01 1.08E-01 7.83E-01 1.89E-01 
51-60% 3.50E-01 2.42E-04 7.84E-01 1.33E-01 
61-70% 3.51E-01 2.52E-03 4.56E-01 3.88E-01 
71-80% 1.38E-02 9.87E-05 2.12E-02 4.26E-02 
81-90% 3.48E-11 3.68E-08 2.56E-09 2.42E-07 




3 6 4 4 
Table 5-39: Summary of statistical analyses of socket reaction AP shear forces due to coronal 




Anterior-Posterior Shear Force (Fx) 
Subject 2 






















0-10% 3.59E-02 4.21E-02 1.27E-01 1.77E-01 
11-20% 7.69E-02 1.34E-01 6.44E-02 2.17E-02 
21-30% 1.78E-02 2.40E-05 1.19E-01 1.37E-03 
31-40% 8.48E-04 1.17E-01 1.12E-08 1.07E-02 
41-50% 1.27E-01 4.47E-01 2.71E-02 5.84E-01 
51-60% 1.53E-03 2.67E-02 5.24E-04 3.10E-01 
61-70% 3.82E-03 7.41E-04 1.21E-04 2.18E-02 
71-80% 7.14E-03 1.97E-02 3.30E-03 1.72E-02 
81-90% 5.16E-01 5.07E-02 1.45E-03 6.37E-02 




6 5 6 5 
Table 5-40: Summary of statistical analyses of socket reaction AP shear forces due to coronal 
translations - Subject 2 
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Tables 5-37 to 5-40 show the statistical analyses for the effects of coronal plane 
malalignments on the anterior-posterior shear forces (Fy). For Subject 1, the total 
number of variables that satisfy the condition (p<0.05) were 16 (out of 40, 1 subject) 
for angular malalignments while for translational malalignments in the same plane, the 
total variables for the same conditions were 17 (out of 40, 1 subject). For Subject  2, 
the total number of variables sensitive to angular changes were the same as 
translational malalignments at 19 variables (out of 40, 1 subject) for the same statistical 
condition.  Figures 5-54 to 5-57 show the corresponding ground reaction forces of the 
respective malalignments and socket reactions.  
 
 






Figure 5-59: Effects of prosthesis coronal angular malalignment on AP GRF - Subject 2 
 
 








Figure 5-61: Effects of prosthetic coronal translational malalignment on AP GRF - Subject 2 
 
 
 Anterior-Posterior Ground Reaction Shear Force 
(Fx), Subject 1  






















0-10% 6.97E-01 5.82E-01 5.69E-01 8.21E-01 
11-20% 8.23E-01 5.19E-01 9.79E-01 8.46E-01 
21-30% 8.30E-01 3.82E-01 1.65E-01 2.40E-01 
31-40% 2.12E-01 3.61E-02 3.24E-01 6.58E-01 
41-50% 2.61E-01 2.09E-01 7.49E-02 6.69E-01 
51-60% 9.36E-01 7.15E-01 1.21E-01 6.14E-01 
61-70% 4.14E-01 3.52E-01 5.49E-03 1.05E-01 
71-80% 8.09E-01 5.38E-01 3.68E-01 3.21E-01 
81-90% 7.81E-02 3.73E-02 5.04E-03 2.88E-02 




0 3 3 2 










Anterior-Posterior Ground Reaction Shear Force 
(Fx), Subject 2 






















0-10% 4.14E-01 2.13E-01 2.55E-01 3.73E-01 
11-20% 4.47E-01 9.54E-01 6.50E-01 8.73E-02 
21-30% 4.42E-03 5.73E-04 6.08E-03 4.74E-04 
31-40% 6.66E-01 1.47E-01 7.07E-01 7.33E-01 
41-50% 2.63E-01 6.38E-02 3.25E-01 1.74E-01 
51-60% 8.29E-01 1.27E-01 5.62E-01 7.43E-01 
61-70% 7.29E-01 3.25E-01 9.17E-01 3.29E-01 
71-80% 8.08E-01 2.62E-01 7.97E-01 2.88E-01 
81-90% 1.35E-01 1.88E-01 3.51E-01 2.31E-01 




1 1 1 1 
Table 5-42: Summary of statistical analyses of AP GRF due to coronal angular changes - Subject 2 
 
 
Anterior-Posterior Ground Reaction Shear Force 
(Fx), subject 1 






















0-10% 8.92E-01 3.03E-01 5.04E-01 2.08E-01 
11-20% 7.79E-01 9.60E-02 4.96E-01 4.14E-01 
21-30% 4.61E-02 5.78E-02 8.65E-01 2.74E-01 
31-40% 2.38E-01 1.57E-03 7.59E-01 5.23E-02 
41-50% 8.62E-02 1.22E-05 3.46E-01 1.03E-03 
51-60% 8.79E-01 3.59E-03 5.07E-01 1.75E-01 
61-70% 8.64E-01 4.93E-01 7.04E-02 1.22E-01 
71-80% 2.61E-02 1.66E-02 9.24E-01 1.61E-01 
81-90% 1.73E-01 9.16E-04 7.54E-03 1.34E-03 
91-100% 4.11E-01 1.36E-05 3.13E-02 2.57E-04 
Total 
Variables 
p < 0.05 
2 6 2 3 






 Anterior-Posterior Ground Reaction Shear Force 
(Fx), Subject 2  






















0-10% 2.07E-01 1.45E-01 2.78E-01 2.35E-01 
11-20% 5.01E-02 1.85E-02 3.17E-02 4.52E-02 
21-30% 2.74E-02 5.22E-02 9.78E-02 2.88E-02 
31-40% 8.56E-01 8.34E-01 6.96E-01 7.82E-01 
41-50% 1.79E-02 9.36E-03 7.72E-02 1.43E-02 
51-60% 1.34E-01 1.96E-01 6.90E-01 2.10E-01 
61-70% 1.75E-01 1.58E-01 8.36E-01 1.41E-01 
71-80% 1.19E-01 1.07E-01 9.35E-01 1.09E-01 
81-90% 6.27E-02 6.30E-02 4.02E-02 3.36E-02 




2 2 2 4 
Table 5-44: Summary of statistical analyses of AP GRF due to coronal translational changes - 
Subject 2 
 
Tables 5-41 to 5-44show the statistical analyses of the ground reaction forces for 
Figures 5-54 to 5-57 respectively. The total number of variables for both subjects that 
are sensitive (p < 0.05) to angulation malalignments are 12 (out of 80) while those 
sensitive to translational malalignments are 23 (out of 80). Even though the occurrence 
of the points of significance do not tally between the ground reaction forces and the 
corresponding socket reaction forces, it can be seen through comparison that coronal 
angular malalignments do not have a larger effect on the ground reaction forces and 
socket reactions than coronal translational changes do.  
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Hence, in terms of effects on socket reactions on orthogonal planes, sagittal plane 
malalignments possess a stronger influence than coronal plane malalignments.  
 
5.5.3 Results of socket reactions axial force (Fz) 
 
Figure 5-62: Socket reactions axial forces (Fz) due to coronal angulations, Subject 1 
 
 







Figure 5-64: Socket reaction axial forces (Fz) due to coronal angulations, Subject 2 
 
 
Figure 5-65: Socket reaction axial forces (Fz) due to coronal translations, Subject 2 
Figures 5-58 to 5-61 shows the plots for axial forces (Fz) due to coronal plane 

































0-10% 8.70E-01 8.00E-01 9.18E-01 8.03E-01 
11-20% 9.20E-04 5.32E-01 1.58E-04 1.67E-01 
21-30% 4.55E-03 4.99E-01 2.14E-02 8.37E-01 
31-40% 1.26E-02 1.16E-04 9.22E-01 4.51E-01 
41-50% 3.51E-02 3.39E-02 4.23E-05 5.54E-02 
51-60% 9.91E-07 1.87E-13 3.13E-09 2.61E-12 
61-70% 8.36E-01 5.55E-01 4.83E-01 5.16E-01 
71-80% 5.81E-03 1.79E-01 7.94E-07 4.67E-05 
81-90% 6.31E-01 9.34E-01 8.13E-01 6.59E-01 




6 3 5 2 
Table 5-45: Summary of statistical analyses of socket reactions axial forces (Fz) due to coronal 
angulations – Subject 1 
 
  
























0-10% 8.67E-01 6.66E-01 9.62E-01 8.01E-01 
11-20% 4.49E-01 3.61E-01 9.35E-01 6.80E-01 
21-30% 7.49E-03 1.09E-02 1.16E-01 1.55E-01 
31-40% 8.66E-02 6.43E-01 8.13E-01 9.40E-01 
41-50% 4.29E-04 7.61E-04 5.03E-03 1.87E-05 
51-60% 5.45E-03 3.60E-04 1.12E-01 6.28E-03 
61-70% 2.48E-03 4.98E-09 5.67E-06 7.22E-06 
71-80% 3.52E-01 8.96E-02 4.17E-02 1.01E-01 
81-90% 8.87E-01 7.85E-01 8.48E-01 8.57E-01 




4 4 3 3 
Table 5-46: Summary of statistical analyses of socket reactions axial forces (Fz) due to coronal 





Axial Force (Fz) 






















0-10% 8.84E-01 9.15E-01 7.88E-01 2.33E-03 
11-20% 1.56E-01 1.64E-03 8.48E-09 4.61E-02 
21-30% 7.65E-03 1.23E-02 6.08E-02 1.58E-02 
31-40% 9.51E-02 8.56E-01 9.72E-01 4.93E-04 
41-50% 5.68E-04 1.37E-04 2.28E-05 7.06E-02 
51-60% 8.88E-17 4.97E-15 1.19E-12 1.07E-14 
61-70% 1.32E-01 2.32E-01 1.08E-01 3.35E-02 
71-80% 5.03E-03 4.94E-03 2.94E-02 1.32E-01 
81-90% 2.80E-01 7.88E-01 5.05E-01 6.45E-01 
91-100% 9.40E-01 5.92E-01 7.22E-01 3.79E-01 
Total Variables 
p<0.05 
4 5 4 6 
Table 5-47: Summary of statistical analyses of socket reaction axial forces due to coronal 



























0-10% 5.08E-01 4.04E-01 7.64E-01 7.18E-01 
11-20% 5.28E-01 1.20E-01 3.96E-01 8.61E-01 
21-30% 1.30E-02 1.17E-04 9.63E-02 4.92E-03 
31-40% 8.88E-01 6.10E-01 8.94E-01 5.83E-01 
41-50% 2.89E-02 9.85E-02 2.28E-03 1.95E-02 
51-60% 2.60E-03 8.57E-05 2.11E-04 1.28E-05 
61-70% 2.71E-09 9.46E-10 8.55E-09 4.05E-09 
71-80% 1.56E-01 6.64E-02 5.04E-02 3.33E-02 
81-90% 6.66E-01 9.09E-01 6.82E-01 6.98E-01 




4 3 3 5 
Table 5-48: Summary of statistical analyses of socket reaction axial forces due to coronal 
translation - Subject 2 
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Tables 5-45 to 5-48 show the statistical results for Figures 5-58 to 5-61. The total 
number of variables with p < 0.05 for coronal angular malalignments of both subjects 
are 30 (out of 80) while that for coronal translational malalignment of both subjects are 
34/80.  
 
In contrast to the effects on axial force due to sagittal plane angular malalignments, it 
seems that socket reaction axial forces for both subjects are more sensitive to sagittal 
angular changes  (32/80 variables with p < 0.05) than coronal angular perturbations 
(30/80 variables with p < 0.05). Coronal translational malalignments of the prosthetic 
socket yielded 34 variables (out of 80 variables) with p < 0.05 while sagittal 
translational perturbations produced 29 such variables out of a total of 80 variables.  
5.5.4 Results of socket reactions sagittal moment (My) 
 






Figure 5-67: Socket reaction sagittal moments (My) due to coronal translations, Subject 1 
 








Figure 5-69: Socket reaction sagittal moments (My) due to coronal translations, Subject 2 
 
Figures 5-62 to 5-65 show the plots of sagittal plane socket reaction moments (My) 
due to coronal plane perturbations.  
 























0-10% 3.99E-02 8.25E-03 6.93E-02 1.08E-01 
11-20% 3.88E-10 8.50E-11 4.74E-07 2.37E-09 
21-30% 9.09E-02 3.21E-01 4.75E-02 7.42E-04 
31-40% 1.77E-01 3.96E-02 1.02E-06 1.86E-11 
41-50% 5.94E-01 1.21E-01 9.02E-01 3.06E-01 
51-60% 2.78E-01 1.49E-01 6.26E-01 7.62E-01 
61-70% 3.16E-01 7.88E-02 2.53E-01 3.86E-01 
71-80% 4.88E-03 3.63E-04 1.20E-07 5.96E-06 
81-90% 6.64E-01 7.68E-01 5.91E-01 4.56E-01 




3 4 4 4 
Table 5-49: Summary of statistical analyses of socket reactions sagittal moments (My) due to 






























0-10% 6.66E-01 3.67E-01 4.49E-01 6.80E-01 
11-20% 1.24E-05 6.74E-03 1.02E-03 7.23E-06 
21-30% 3.83E-04 1.78E-04 1.30E-03 8.47E-04 
31-40% 3.28E-04 7.58E-07 7.55E-05 1.02E-04 
41-50% 5.83E-04 1.08E-06 1.75E-03 1.14E-03 
51-60% 9.23E-04 1.07E-06 1.51E-02 4.80E-03 
61-70% 6.14E-06 3.83E-08 1.58E-04 5.24E-04 
71-80% 8.13E-03 9.65E-05 9.95E-03 9.39E-02 
81-90% 9.97E-01 7.48E-01 9.64E-01 9.03E-01 




7 7 7 6 
Table 5-50: Summary of statistical analyses of socket reactions sagittal moments (My) due to 
coronal angular malalignments - Subject 2 
 
     
 
Sagittal Moment (My) 






















0-10% 2.84E-02 9.50E-03 4.71E-02 3.00E-06 
11-20% 4.74E-08 6.97E-11 3.67E-09 3.22E-10 
21-30% 3.91E-02 7.70E-02 1.91E-01 3.10E-01 
31-40% 5.82E-04 5.08E-02 1.71E-01 9.29E-03 
41-50% 9.33E-01 8.66E-01 7.14E-01 7.74E-01 
51-60% 3.93E-01 8.36E-01 2.63E-01 1.19E-01 
61-70% 5.29E-01 9.53E-01 4.75E-01 2.35E-01 
71-80% 4.30E-03 8.19E-03 2.18E-02 2.08E-01 
81-90% 1.71E-01 5.74E-01 3.79E-01 6.88E-01 




5 3 3 3 
Table 5-51: Summary of statistical analyses of socket reactions sagittal moments (My) due to 




Sagittal Moment (My) 






















0-10% 9.34E-01 6.04E-01 7.14E-01 8.01E-01 
11-20% 1.61E-03 2.55E-04 6.40E-04 1.88E-01 
21-30% 1.65E-03 1.15E-03 1.88E-03 9.16E-04 
31-40% 3.23E-05 4.96E-06 3.06E-04 1.00E-05 
41-50% 3.57E-04 1.28E-04 2.60E-03 6.22E-05 
51-60% 5.63E-04 2.74E-04 5.15E-03 7.04E-05 
61-70% 2.17E-06 1.83E-05 6.93E-04 4.20E-06 
71-80% 3.07E-02 4.20E-01 7.13E-01 1.01E-02 
81-90% 9.18E-01 5.97E-01 3.07E-01 9.51E-01 




7 6 6 6 
Table 5-52: Summary of statistical analyses of socket reactions sagittal moments (My) due to 
coronal translational changes -  Subject 2 
 
Statistical analyses of socket reactions anterior-posterior moments (My) demonstrated 
that coronal angular malalignments (42 variables out of 80 satified the condition p < 
0.05) of the socket produce a larger effect than coronal translational perturbations (39 
variables out of 80 satisfied the same satistical conditions).  
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5.5.5 Results of socket reactions axial torque (Mz) 
 
Figure 5-70: Socket reaction axial torques (Mz) due to coronal angulations, Subject 1 
 
 








Figure 5-72: Socket reactions axial torques (Mz) due to coronal angulations, Subject 2 
 
Figure 5-73: Socket reactions axial torques (Mz) due to coronal translations, Subject 2 
 
The coronal moments for Subject 1 tends to be unpredictable. For subject 2, the 

































0-10% 1.11E-02 9.15E-04 6.10E-06 1.74E-06 
11-20% 5.15E-09 4.14E-09 2.61E-04 4.62E-07 
21-30% 1.26E-17 2.00E-12 1.32E-02 1.68E-10 
31-40% 2.63E-06 7.79E-01 4.68E-07 9.90E-11 
41-50% 9.31E-01 2.70E-04 7.44E-04 8.09E-04 
51-60% 1.27E-01 4.81E-11 1.25E-05 6.36E-07 
61-70% 1.09E-10 8.99E-15 1.00E-16 1.60E-18 
71-80% 3.95E-01 6.27E-04 2.63E-10 1.07E-12 
81-90% 8.45E-01 2.55E-03 3.11E-11 8.99E-14 
91-100% 2.48E-01 3.51E-01 2.85E-01 5.90E-02 
Total Variables 
p<0.05 
5 8 9 9 
Table 5-53: Summary of statistical analyses of socket reactions axial torque (Mz) due to coronal 
angular malalignments - Subject 1 
 
 
  Axial Torque (Mz) 






















0-10% 3.10E-01 4.68E-02 4.17E-01 3.45E-01 
11-20% 1.11E-07 2.65E-11 8.63E-05 3.23E-02 
21-30% 9.66E-01 2.25E-02 4.40E-01 1.82E-01 
31-40% 5.42E-01 9.40E-03 9.07E-02 7.48E-02 
41-50% 1.37E-01 1.76E-03 2.64E-01 3.28E-01 
51-60% 4.56E-03 1.63E-04 4.30E-01 2.92E-01 
61-70% 2.99E-07 5.70E-08 3.50E-02 1.89E-01 
71-80% 3.29E-06 2.03E-07 6.20E-03 9.51E-01 
81-90% 3.00E-01 6.49E-01 9.94E-01 8.75E-01 
91-100% 5.29E-01 8.62E-01 8.24E-01 9.97E-01 
Total Variables 
p<0.05 
4 8 3 1 
Table 5-54: Summary of statistical analyses of socket reactions axial torque (Mz) due to coronal 







Axial Torque (Mz) 
Subject 1 






















0-10% 2.25E-09 4.40E-09 6.29E-04 1.45E-06 
11-20% 8.71E-04 1.88E-01 1.10E-10 3.81E-05 
21-30% 7.61E-07 5.54E-01 7.08E-11 4.26E-16 
31-40% 9.41E-12 1.46E-05 2.79E-01 3.52E-03 
41-50% 1.50E-07 7.81E-05 8.03E-03 8.73E-02 
51-60% 1.28E-01 1.62E-02 1.07E-09 5.05E-05 
61-70% 7.64E-13 3.80E-12 4.95E-03 9.97E-07 
71-80% 1.42E-15 6.39E-15 2.43E-07 1.73E-07 
81-90% 3.36E-11 1.56E-16 2.51E-09 5.81E-08 




8 7 8 9 
Table 5-55: Summary of statistical analyses of socket reactions axial torque (Mz) due to coronal 




Axial Torque (Mz) 






















0-10% 6.34E-01 3.52E-01 3.23E-01 5.50E-02 
11-20% 1.04E-03 8.39E-10 4.57E-03 1.31E-02 
21-30% 3.33E-03 4.57E-04 9.61E-04 6.79E-02 
31-40% 7.37E-04 2.58E-04 7.55E-02 1.28E-01 
41-50% 3.25E-03 1.73E-03 2.76E-01 2.20E-01 
51-60% 2.29E-03 3.28E-04 3.12E-01 1.55E-01 
61-70% 4.31E-05 1.01E-06 7.51E-01 2.68E-01 
71-80% 4.07E-02 1.77E-05 7.08E-04 5.72E-03 
81-90% 8.15E-01 7.37E-01 1.33E-01 3.41E-01 




7 7 3 2 
Table 5-56: Summary of statistical analyses of socket reactions axial torque (Mz) due to coronal 
translational perturbations - Subject 2 
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Statistical analyses of socket reaction axial torque due to coronal malalignment showed 
that coronal translation perturbations produced a larger effect (51 out of 80 variables 




















5.6  Ranking of socket reactions sensitivity due to malalignments 
 
Table of Sensitivity  
Alignment Perturbations Socket Reactions Ranking 
Variables        
  p < 0.05/ 80 Comments 
Coronal Translation Mx 1 65 
Most 
Sensitive 
Sagittal Translation  My 2 64   
Sagittal Angulation My 3 59   
Coronal Angulation Mx 3 59   
Sagittal Angulation Mz 4 51   
Coronal Translation  Mz 4 51   
Coronal Angulation Fy 5 50   
Sagittal Angulation Fy 6 48   
Coronal Angulation Mz 7 47   
Sagittal Translation  Mz 8 46   
Sagittal Translation  Fy 9 44   
Sagittal Angulation Fx 9 44   
Sagittal Translation  Fx 10 42   
Coronal Angulation My 10 42   
Coronal Translation My 11 39   
Sagittal Translation  Mx 12 38   
Sagittal Angulation Mx 13 37   
Coronal Translation Fx 14 36   
Coronal Angulation Fx 15 35   
Coronal Translation Fz 16 34   
Sagittal Angulation Fz 17 32   
Coronal Angulation Fz 18 30   
Coronal Translation Fy 19 29   
Sagittal Translation  Fz 20 28 
Least 
Sensitive 
LEGENDS:      
Fx  = AP shear force Fy = ML shear force     
Fz = Axial force Mx = Coronal Moment    
My = Sagittal Moment Mz = Axial Torque     
      
Table 5-57: Ranking of socket reactions sensitive and their respective malalignments 
Table 5-57 shows the ranking of the socket reaction parameters and their respective 
prosthetic perturbations based on the number of variables that satisfied the condition p 
< 0.05. 
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6 Discussion  
 
The experimental findings using the PAMD demonstrate that transtibial prosthetic 
socket rections are significantly affected by prosthetic alignment perturbations.  
 
Based on Table 5-57, axial force variables were the least responsive to sagittal plane 
translational changes and most sensitive to coronal translational changes. For the 
former, only 28 out of 80 variables satisfy the satistical condition that p < 0.05 while 
for the latter, there were 6 more variables with the same satistical condition.  
 
The effects of coronal translational malalignments on coronal moments (Mx) were the 
strongest among all variables in the study with 65 variables at p < 0.05.  This was 
followed very closely by the effects of sagittal translational perturbations on sagittal 
moments (My) at 64 variables. The results of this study demonstrated that sagittal 
moments and coronal moments are most sensitive to sagittal plane malalignments and 
coronal plane changes respectively. However, sagittal socket reaction moments (My) 
were not as sensitive to sagittal angulations (59 variables) as sagittal translations (64 
variables). The determination that sagittal translations would produce more significant 
effects on socket reactions than sagittal angular changes was shared by Boone in his 
discussion.  
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The findings reported in this thesis also closely matched those of other investigations 
in both the magnitude and form in both the coronal and sagittal planes. In the coronal 
plane, Parker et. al. (1999) and Boone (2005) reported a clear differentiation of 
waveform between the nominally aligned prosthesis and one that was malaligned. The 
results shown in this thesis produced trends and patterns that were very similar.  
 
In the sagittal plane, trends and patterns were similar to those reported by Boone 
(2005) and Schmalz et. al. (2002). One was able to distinguish how the socket was 
malaligned (i.e. flexion or extension, forward translation or backwards) by taking 
reference using the nominal configuration.   
 
The effects of prosthetic sagittal malalignment on the medio-lateral shear force (Fy) 
and the effects of sagittal angular perturbations on axial torque (Mz) proved to be the 
most significant in this study. Perhaps, the significance on axial torque was due to the 
effects of change on the shear force (Fy).  Theoretically, from the engineer’s 
perspectives, sagittal perturbations should not affect socket reaction parameters in 
orthogonal planes. One explanation for the significance in these results was probably 
due to the ―screw-home‖ mechanism of the knee joint. Even though prosthetic 
malalignments were carried out in one plane, kinematics changes during amputee gait 
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were actually occuring in three planes. This resulted in a ―spill-off effect‖ of socket 
reactions causing significant changes in the medio-lateral shear force and axial torque.   
 
The effects of coronal malalignments on orthogonal anterior-posterior shear forces 
(Fy) were not as strong as sagittal malalignments on medio-lateral shear forces. This 
added to the belief that flexion and extension of the knee joint could perhaps play some 
very important role in determining socket reactions and maybe, its subsequent 
stump/socket interface pressure.  
 
Finally, from the experimental data collected from both patients, it seems that 
biomechanically, the sagittal plane socket reaction moments are able to relate to the 
lower limb kinematics, particularly the knee joint. This is probably due to the position 
of the pylon transducer which is attached to the distal end of the socket.  
 
In the coronal plane, plots of socket reaction moments due to coronal translational 
malalignments seemed to relate well to medial-lateral stability. It was evident that 
medial shift of the socket would result in the patient falling towards the unsupported 
anatomical limb in swing phase. This can be testified from the reduced socket reaction 
lateral moments. On the contrary, experimental data showed that when the socket was 
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lateral malaligned, the magnitude of socket reaction lateral moments increased. This 
implied that biomechanically, there would be fewer tendencies for the patient to fall 
towards the unsupported side.  
 
In the case of comparing angular malalignments with translational malalignments, 
experimental socket reaction data have shown clear differentiation among sagittal 
angular perturbations and coronal translational malalignments. The magnitude of 
changes of socket reactions seem to be larger for angular changes compare to 
translational ones. Henceforth, there lies a question of whether larger socket reaction 























Socket reactions are significantly affected by changes in transtibial prostheses in both 
the coronal and sagittal planes at a statistical significance of p <0.05. The strength of 
the statistical findings and the clear patterns of trends agree with previous 
investigations conducted by Boone. For the coronal planes, coronal translational 
malalignments contributed 65 variables at p <0.05 out of a maximum of 80 while 
coronal angulations produced 59 such variables. Sagittal plane translational 
perturbations showed 64 variables while sagittal angular malalignments exhibited 59.  
 
Coronal angulations had the largest effect on medial-lateral shear forces followed by 
sagittal angulation while anterior-posterior shear forces are most sensitive to 
malalignments in the anterior-posterior plane.  
 
In the orthogonal planes, axial torques and medial-lateral shear forces were highly 
sensitive to sagittal angular perturbations. The former was supported by 51 variables 
and the latter 48 variables with p < 0.05. . From the physical sense, malalignment of 
the prosthetic socket in one plane should not affect the results in the other. This could, 
perhaps, be explained through the ―screw-home mechanism‖ of the knee joint. Thus, 
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even though malalignments were carried out in one plane, three dimensional kinematic 
changes were actually taking place during amputee gait. 
 
Socket reactions can be concluded to be significantly affected by malalignments in 
orthogonal planes with sagittal plane perturbations being more influential than coronal 
planes.  
 
The inclusion of the data from the ground reaction forces relating to the respective 
socket reactions demonstrated a clear degree of significance adding scientific evidence 
to support the hypothesis. As the objective of this study was not to investigate the 
knee-joint screw home mechanism, more study in this area would have to be carried 
out in order to understand what kind of role this mechanism play during amputee gait.  
 
Among the six parameters of forces and moments studied, the axial forces were the 
least sensitive to any malalignment perturbations. 
 
Based on data collected on 2 amputee patients, it was not possible to explain fully the 
biomechanical meaning of socket reaction moments. A large scale study is required to 
determine the relationship between socket reaction moments and the simultaneous joint 
kinematics.  
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8 Future work  
 
8.1 Relationship between socket reactions and stump/socket interface pressure 
 
 
Figure 8-1: Radcliffe's pressure distribution theory 
 
From the results discussed, the trends of socket reaction moments, in the sagittal and 
coronal planes, due to malalignments are predictable.  As such it may be useful to 
study how the increased or decreased moments of socket reactions contribute to the 
interface pressure since the incipient motion of the socket is immediately arrested by 






8.2  Prosthetic socket design based on socket reactions 
 
 
Figure 8-2: FEA socket design based on stump/socket pressure 
[Source: Lower limb research in the 21
st
 century, Zahedi] 
 
If the stump/socket interface pressure is predictable with respect to socket reaction 
moments then it may be possible to use socket reactions to predict the pressure 
experienced by the stump during amputee gait to conduct prosthesis socket designs.  
As such the concept of using socket reaction moments to build a clinical device to help 
the prosthetist in aligning transtibial prostheses may be practical. 
 
8.3 Effects of transtibial prosthetic malalignment on knee-joint screw home 
mechanism 
The effects of prosthetic malalignments on the knee-joint screw-home mechanism 
demands further investigations. It is imperative to further understand how this 
mechanism affects the forces and moments transferring from the ground to the residual 
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limb and its effect on the interface pressure. Perhaps, artificial knee joint for AK 
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Abduction: Moving away from the body in the coronal plane. 
 
Adduction: Moving towards the body in the coronal plane. 
 
Anterior: Towards the front. 
 
Coronal Plane: The vertical plane transecting the body from side to side. 
 
Distal:  Away from the body 
 
Don :  To put on 
 
Doff:  To take off 
 
Dorsiflexion : Bending the ankle such that the foot bends upwards 
 
Extension: Straightening the limb in a sagittal plane. 
 
Flexion : To bend the limb in a sagittal plane. 
 
Fx:  Anterior-posterior directed shear force 
 
Fy:  Medial-lateral directed shear force. 
 
Lateral: Away from the midline of the body 
 
Medial: Towards the midline of the body 
 
Malalignment:Error in alignment of the prosthesis 
 
Mx :  Mechanical moment about the x-axis. The coronal moment in this work. 
 
My:  Mechanical moment about the y-axis. The sagittal moment in this work.  
 
Mz :  Mechanical moment about the z-axis. The torque in this work. 
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Perturbation:  Induced abnormal change. 
 
Plantar flexion: Bending the ankle so that the foot points downwards. 
 
Posterior:   Towards the back. 
 
Proximal:  Towards the trunk. 
 
Sagittal Plane: The vertical plane transecting the body from front to back 
 
Socket Abduction:  Refers to angular tilt of the socket resulting in knee joint 
abduction. Can be known as medial socket tilt in some text books.  
 
Socket Adduction: Refers to angular tilt of the socket resulting in knee joint 
adduction. Can be known as lateral socket tilt in some textbooks. 
 
Socket Backwards Translation: Refers to moving the socket posteriorly. 
 
Socket Extension: Refers to angular tilt of the socket resulting in extension of the 
knee joint.  
 
Socket Forward Translation: Refers to moving the socket anteriorly. 
 
Socket Flexion: Refers to angular tilt of the socket resulting in knee flexion. 
 
Socket Medial Translation: Refers to moving the socket towards the mid line of the 
body.  
 
Socket Lateral Translation: Refers to moving the socket away from the midline of 
the body.  
 
Transverse Plane: The horizontal plane transecting the body. 
 
PTB:   ―Patellar Tendon Bearing‖  
 
PAMD:  ―Prosthesis Alignment Measurement Device‖  
 
SACH:  ―Solid Ankle Cushion Heel‖ 
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Valgus of knee: Abdduction of knees leading to knocked knees effects. 
 









































Figure  A8 
